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ABSTRACT 
HONESTY AND CAROTENOIDS IN A PIGMENTED FEMALE FISH  
FEBRUARY 2014 
ALEXANDRIA C. BROWN, B.A., MOUNT HOLYOKE COLLEGE 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST  
Directed by: Ethan D. Clotfelter 
 The carotenoid tradeoff hypothesis states that diet-derived carotenoids are traded-
off among competing physiological demands, but this statement is rarely tested in 
ornamented females.  The following dissertation tests the carotenoid tradeoff hypothesis 
in reverse sexually dimorphic convict cichlids (Amantitlania siquia) using carotenoid-
supplemented diet treatments and a field-based study of carotenoid intake.  Spectral, 
microscopic, and chemical analysis determined how females allocated the pigments to 
tissues and how those decisions affected their ventral patch coloration.  The results 
presented in the current study show that carotenoids enhance offspring growth and 
survival, lower oxidative stress, and reduce the time to clear a parasite.  The two final 
chapters suggest that carotenoid limitation and absorption may not explain carotenoid 
allocation dynamics in A. siquia.   The final chapter proposes an alternative to the 
carotenoid tradeoff hypothesis as a mechanism to explain the relationship among color, 
parasites, and oxidative stress. 
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CHAPTER I 
DIETARY CAROTENOIDS INCREASE YELLOW NON-PIGMENT 
COLORATION OF FEMALE CONVICT CICHLIDS (AMANTITLANIA SIQUIA) 
 
A. Introduction 
 Melanins, pterins, and carotenoids are the three types of pigments used in 
integument coloration of vertebrates (Ferrer et al. 1999; Grether et al. 2001; Steffen & 
McGraw 2007), but while both melanins and pterins can be synthesized by animals, 
carotenoid pigments must be obtained from the diet (Alonso-Alvarez et al., 2008; 
Goodwin, 1984; Palmer, 1922; Vinkler and Albrecht, 2010).  Keratin-based or purine-
based structural color can also contribute to coloration in some taxa (McGraw et al., 
2011).  The contributions of each factor may be difficult to disentangle in studies of 
animal ornamentation (Grether et al., 2004a). 
 Carotenoid pigments are the focus of many studies of animal ornamentation 
because they may also function as antioxidants and immunostimulants (Mougeot et al. 
2010; Perez-Rodriguez et al. 2010; McGraw et al. 2011).  The carotenoid trade-off 
hypothesis states that alternative physiological demands for carotenoids, such as 
immunity and antioxidant protection, can reinforce the honesty of carotenoid-based 
signals because only healthy animals can afford to allocate carotenoids to ornamentation 
(Lozano, 1994).  As a result, condition-dependent ornamentation can indicate competitive 
ability or mate quality (Andersson, 1994; Cotton et al., 2004).  Carotenoid-based color 
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should correlate to immune status, which has been demonstrated in a wide range of birds 
and fish, including guppies (Poecilia reticulata, Grether et al. 2004a), Siamese fighting 
fish (Betta splendens, Clotfelter et al. 2007), greenfinches (Carduelis chloris, Aguilera & 
Amat 2007), and blackbirds (Turdus merula, Baeta et al., 2008).  Recent studies also 
support the premise that carotenoids are important antioxidants in threespine sticklebacks 
(Gasterosteus aculeatus, Pike et al., 2010, 2007), although the antioxidant role in birds 
may have been overstated previously literature (Costantini and Moller, 2008; Perez-
Rodriguez, 2009). 
 The carotenoid trade-off hypothesis also predicts that ornamented females will 
have a greater demand for carotenoids than their male counterparts if females need to 
allocate carotenoids to their eggs (Fitzpatrick et al., 1995).  In most cases, carotenoids in 
egg yolks confer fitness benefits to the parents by fortifying offspring health, growth or 
number.  Birds who place more carotenoids into their egg yolks produce larger offspring 
and offspring that survive better (Haga et al. 2008; Balazs et al. 2009; Newbrey & Reed  
2009) but the role of egg carotenoids in fishes is more variable.  There is no link between 
egg carotenoid content and offspring survival or quantity in two-spotted gobies 
(Gobiusculus flavescens, Svensson et al. 2006) or guppies (Grether et al., 2008).  In other 
fishes, a relationship exists between carotenoids in eggs and parental fitness: carotenoid 
content of eggs improves total egg and offspring quantity in striped jack (Pseudocaranx 
dentex, (Vassallo-Agius et al., 2001) and enhances both individual offspring survival and 
offspring quantity in yellowtail (Seriola quinqueradiata, Verakunpiriya et al., 1997).   
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 If the demands of ornamentation, somatic maintenance, and reproduction cannot 
be met by increased dietary carotenoid levels, ornamented females may be forced to 
evolve strategies to decrease carotenoid demands.  For example, bird species often vary 
the carotenoid content of their eggs depending on laying order or environmental factors 
(Newbrey et al., 2008; Torok et al., 2007).  Female two-spotted gobies (Svensson et al., 
2005) and straight-tailed razorfish (Xyrichtys martinicensis, Baird, 1988) have evolved a 
patch of translucent abdominal skin, allowing egg pigmentation to contribute to 
integument reflectance, while endogenously-produced pterins are found to be the main 
pigments in the orange throat patches of female striped plateau lizards (Sceloporus 
virgatus, Weiss et al., 2011).  Comparatively few studies to date have considered the 
carotenoid tradeoff hypothesis in ornamented females, so we do not yet know the range 
of strategies employed by females to reduce the cost of visual signaling.   
 The question of how ornamented females allocate their dietary carotenoids is the 
focus of the present study.  We tested this question in Central American convict cichlids, 
Amantitlania siquia (Schmitter-Soto, 2007) using a 3-level diet manipulation and high 
performance liquid chromatography (HPLC) to determine the composition of the yellow 
ventral patch coloration and compare carotenoid amounts in integument and ovaries.  
Convict cichlids have been widely used in studies of physiology (Earley et al., 2004), 
sexual dichromatism (Beeching et al., 1998; Noonan, 1983), effects of UV light exposure 
on growth (Fidhiany and Winckler, 1999), mate choice  (Beeching and Hopp, 1999; 
Gumm and Itzkowitz, 2007; Leese et al., 2010), aggression (Earley et al., 2006) and 
 parental care (Gagliardi-Seeley and Itzkowitz, 2006; Galvani and Coleman, 1998; Lavery 
and Reebs, 1994; Wisenden, 1995; Wisenden et al., 1995).  Several forms of sexual 
dimorphism occur in convict cichlids, including differences in color patte
1983), behavior (Mackereth and Keenleyside, 1993),
morphology (Paysan, 1977).  Most notably, sexually mature female convict cichlids have 
a yellow ventral patch that does not occur in males.  
Figure 1: Female convict cichlid showing carotenoid
 Convict cichlids are an excellent system in which to investigate the carotenoid 
trade-off hypothesis because the ornament occurs only in females.  To date, there is no 
evidence that the yellow ventral patch is sexually selected by males.  Instead, intrasexual 
social selection has been posited as the driving force behind female convict cichlid 
ornamentation (Beeching et al., 1998)
increased the number of individual colored “flecks” in the ventral patch area of domestic 
female convict cichlids (Jackson, 2003), but no chemical analyses of pigments were 
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performed.  It is still unclear whether the yellow ventral patch of this species is 
carotenoid-based or whether it is condition-dependent. 
 In the present study, we hypothesized that a high level of carotenoids in the diet 
would allow females to meet all of their physiological demands, but that a moderate 
dosage would force females to choose between allocating their carotenoids integument or 
eggs.  If this is the case, we predict that control and moderate diet females will show a 
decrease in coloration and carotenoid content of the integument paired with a 
concomitant increase in carotenoids in ovaries.  If females can maintain coloration or 
pigment amounts in tissues independently of diet, this suggests that convict cichlid 
females may have evolved an alternative strategy to reduce their demands for carotenoid 
pigments. 
 
B. Methods 
1. Animals and diets 
 Three treatment levels were fed to female A. siquia for 12 weeks, which is 
adequate time to produce carotenoid-based color changes (Amar et al., 2004; Lin et al., 
2010).  The base recipe for all diets was a modified H440 diet comprised of nutrient-free 
gelatin-dextrin-cellulose (Halver, 1989; Kodric-Brown, 1989) and a multivitamin premix 
(Pfizer, New York, NY).  After combining all the ingredients for the H440 base over 
heat, carotenoids were added and mixed thoroughly.  Each diet treatment was refrigerated 
overnight and later processed manually into small chunks for storage at -80°C.  Small 
batches of the diets were moved to 4°C for feeding each week to prevent carotenoid 
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oxidation.  No additional carotenoids were added to the control diet.  Both the moderate 
and high carotenoid-supplemented diets contained lutein, zeaxanthin, and β-carotene 
from marigold (GNC, Pittsburgh, PA).  The high carotenoid diet contained, in addition to 
the above carotenoids, a high dose of β-carotene (Sigma-Aldrich C9750).  Although the 
high group contained a concentration of carotenoids that was an order of magnitude 
higher than the moderate group, the dosage was still within the range used in other 
studies of fish color (Garner et al., 2010) and within the natural range of carotenoid 
availability found in algae and aquatic insects of rocky freshwater habitats (Matsuno et 
al., 2000).  Cichlids were fed to satiation twice daily and any food remaining in the tank 
10 minutes after the fish had stopped eating was removed with a dip net.  HPLC analysis 
of the diets determined that the control diet contained trace levels of carotenoids (≤1 
ng/g), the moderate treatment contained 26.51 ng/g carotenoids, and the high contained 
23 µg/g carotenoids. 
Laboratory-reared F1 offspring from multiple pairs of wild-caught A. siquia (Río 
Cabuyo, Guanacaste Province, Costa Rica) were randomly assigned to control, moderate, 
or high diet groups.  All fish were sexually mature females weighing between 1.75-6.0 g, 
and none of them had produced eggs previously.  Prior to the beginning of the experiment 
each fish was individually marked with an injection of silastic elastomer (Northwest 
Marine Technology Inc., Shaw Island, WA), which is commonly used to mark individual 
small fish, amphibians, and invertebrates (Buckley et al., 1994; Frederick, 1997; Godin et 
al., 1996).   
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Due to space limitations, subjects could not be housed individually.  Fish were 
housed in unisex groups of 10 in 38 L tanks on a 12:12 h light-dark photoperiod at 25 ± 
1°C (2 tanks per diet).  Convicts will attack and kill each other if housed at low densities 
in the laboratory, so a higher density was used to decrease aggression.  A 50% water 
change using deionized water reconstituted with electrolytes and other natural solids 
(Kent Marine Inc., Franklin, WI) to a conductivity of 100 S m-1 was performed weekly or 
more often if needed.  Filter cartridges with activated carbon and ammonia-removing 
resin (Aquarium Pharamaceuticals Inc., Chalfont, PA) were changed weekly.   
 All fish were measured at the beginning of the feeding trial (week 0) and again at 
the end (week 12), following light anesthetization in a buffered solution of 1 g L-1 tricaine 
methane sulfonate (MS-222, Western Chemical Inc., Ferndale, WA).  Fish were 
individually weighed and photographed using a Nikon P-90 digital camera on a tripod 
under controlled lighting.  A white standard and a metric ruler was in each frame for 
reference.  Using Image J software (Rasband, 1997), standard body length, total body 
length, and ventral patch area (Fig. 1a) were measured from the images.  All animal care 
and use protocols were approved by the Institutional Animal Care and Use Committee 
(IACUC) at Amherst College. 
  
2. Spectral analysis of integument color 
 At weeks 0 and 12, integument color was measured using a UV-VIS 
spectrophotometer (Ocean Optics, USB400, Dunedin, FL).  Integration time was set by 
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the probe software, and the boxcar smoothing was set to 50.  A dark and white standard 
(Labsphere, North Sutton, NH) were used as references for 0% and 100% reflectivity.  
Reflectance was recorded using a 400-µm reflection probe (Ocean Optics R400-7) held at 
a 45° angle, 5 mm from the sample (Clotfelter et al., 2007; Lahti, 2006).  Readings were 
collected on the ventral patch region between the fourth and fifth stripes from the anterior 
(Fig. 1b).  We restricted color and HPLC analysis in the present study to the left side of 
each fish because a pilot experiment found that reflectance on the left and right flanks are 
significantly correlated (Pearson’s r = 0.65, n = 51, p <0.0001). 
 
3. Tissue analysis 
 On week 12, following reflectance recordings, each fish was euthanized in a 
buffered solution of 2 g L-1 MS-222.  Liver and ovaries were aseptically removed and 
weighed (± 0.001 g, Denver Instrument balance).  Gonadosomatic index (GSI) was 
calculated as [ovary mass/body weight]*100, (Hassanin et al., 2002).  A 1.5 cm2 
epidermal sample was taken from the ventral patch area (Fig. 1c) to be weighed and 
stored at -80°C until carotenoid extraction.  Extractions were performed under nitrogen 
gas in a darkened fume hood at 4°C to prevent carotenoid oxidation.  Carotenoid 
extraction and HPLC methods used in the present study have been described previously 
(Clotfelter et al., 2007; McGraw and Ardia, 2003).  Pterins were extracted and analyzed 
according to methods described in Steffen & McGraw (2007). 
 To detect iridophores, integument from the right side of each fish was rinsed 
gently with ethanol and hexane, then mounted on glass slides using Shandon xylene 
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substitute mountant (Thermo scientific, Waltham, MA #1900231).  A coverslip was 
applied and microscopic evaluation of skin was performed immediately.  A movable light 
source allowed for samples to be lit from multiple angles (Meadows et al., 2011).   
 
 
4. Diet analyses 
Samples from each diet were taken from freshly-thawed fish food stock each 
week.  These were weighed, frozen with liquid nitrogen, ground to powder, and extracted 
in hexane and acetone.  Deionized water and sodium sulfate decahydrate were added to 
the solvent to force remaining non-polar molecules into the solvent layer.  Samples were 
vortexed vigorously and the solvent layer removed and dried under nitrogen.  Samples 
were resuspended in 82:18 hexane:acetone mobile phase and run on Waters 600 HPLC at 
ambient temperature at a rate of 1 ml min-1 with a Waters dual wavelength absorbance 
detector set to 474 nm.  The column was 150 x 4.6 mm Luna 3u Silica (Chromadex 00F-
4162-E0) with a 4 x 3.0 mm silica guard column (Chromadex AJ-4348).   
 
5. Statistical analysis 
 Analysis was conducted using R software (R Development Core Team, 2010).  
Reflectance data were binned into 5 nm increments and averaged over 100 scans.  Raw 
data was trimmed to the visible spectrum of A. nigrofasciata (400-700 nm, Jackson, 
2003) and centered before analysis (Cuthill et al., 1999).  Reflectance spectra were 
compressed using principal components analysis (PCA).  This process does not make any 
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assumptions about the sensitivities of the observer and can account for a large amount of 
variation in a dataset with only a few components (Hill and McGraw, 2006; Jolliffe and 
Ebrary, 2002).   
 In brief, PCA calculates orthogonal eigenvectors to account for observed variance 
in a multidimensional space.  Eigenvectors are calculated in order of decreasing variance 
explained until the cumulative variance explained equals 100% (an eigenvector 
calculated for each variable).  The number of eigenvectors retained depends on the goals 
of the investigation—many ecological studies use the first 2 or 3 vectors (Budaev, 2010; 
Clotfelter et al., 2007; Lahti, 2006), whereas commercial color technology research may 
report as many as 6 (Tzeng and Berns, 2005).  Eigenvalues (also called 'PC values') 
represent the residual of each datum on the eigenvector, meaning that they cannot be 
compared across datasets or without a representation of the eigenvector (or 'loading', a 
term borrowed from factor analysis).  
  
  
 
                     Figure 2: Principle component loadings 
 
 Only eigenvectors that could explain >
present study (Fig. 2).  Week 12 principle components were subtracted from week 0 
components to determine the amount and direction of color change for each female.  
Analysis of carotenoid content of tissues was comp
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 1% of the variance were retained in the 
ared to PC values at week 12 only 
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because this was the time at which tissue samples were collected.   
 A repeated measures analysis of variance (ANOVA) was used to examine the 
effect of supplementation on integument color, tissue carotenoids, and patch area.  We 
included “tank” as a random effect to account for tank effects.  Tukey's tests were 
performed using the multcomp package for R (Hothorn et al., 2008).  Multiple regression 
compared relationships between variables within diet treatments (Aiken and West, 1991), 
and robust regression was used to test the relationships between GSI and tissues due to 
influential outliers that could not be resolved with transformation.  P-values were 
considered significant when p < 0.05, and log transformation was applied when data 
residuals were not normally distributed.  
 
C. Results 
 The experiment began with 20 fish in each diet group, for a total of 60 females.  
In tests where n < 60, data were missing because fish lost their silastic elastomer tags or 
samples were lost during the carotenoid extraction process. 
 
 
1. Coloration analysis 
For PC1, fish fed moderate carotenoids gained reflectance between 420-615 nm 
(violet-orange), significantly more than either controls or high-dose fish (F(5,43) = 31.35; p 
< 0.01, Fig. 3).  There was also a marginally significant effect of housing (F(5,43) = 3.37; p 
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= 0.04).  But when Tukey's tests were applied, the control and supplemented diets were 
not significantly different for PC1 (p > 0.05 for all contrasts). 
 
 
 
Figure 3: Spectral color changes in each diet group. 
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Both supplemented groups gained reflectance between 475-650 nm (PC2, green-
orange) compared to control animals (F(5,43) = 37.73; p <0.001, Fig. 3b), and again there 
was a significant tank effect (F(5,43) = 54.40; p <0.001).  Tukey's tests showed that both 
supplemented groups had significantly increased reflectance over controls in this spectral 
region (p < 0.001 for both), but that moderate and high diet groups were not significantly 
different from each other (p > 0.05).   
ANOVA detected an effect of treatment for PC3 (F(5,43) = 31.21; p <0.001), but 
there was no effect of housing (F(5,43) =  0.16; p > 0.05).  Tukey's tests reported that 
moderate diet fish increased their reflectance above 650 more than controls or high diet 
fish (p < 0.05 for both), but control and high diet fish did not significantly differ from 
each other (p > 0). 
 
Figure 4: Carotenoids in ovaries across diet treatments 
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2. Integument and ovary analysis 
 We were unable to achieve sufficient separation with HPLC to identify individual 
carotenoid types due to esterification, so total carotenoids are reported.  Integument 
carotenoids did not differ among diet groups (F(2,45) = 0.48; p = 0.62), but fish in 
moderate and high diets had significantly more carotenoids in ovaries (F(2,42)  = 3.66, p = 
0.03; Cohen’s d = 0.89 and 0.90; Fig. 4).   
 
Figure 5: Skin carotenoids were negatively related to ovary carotenoids 
 
 Skin reflectance was not significantly related to gonad carotenoids (t(1, 42) = 0.80, 
p = 0.43), but skin carotenoids were negatively correlated to gonad carotenoids (t(1, 42) = -
 2.04, p = 0.04; Fig. 5).   
 Supplementation did not
to any aspect of reflectance (p > 0.05), but was significantly related to carotenoid content 
of both tissue types tested.  Increasing GSI caused increased carotenoid allocation to 
ovaries (t(2, 43) = 6.72, p = 0.001; Fig. 6), as well as decreased allocation to integument (t
43) = -3.48, p = 0.001; Fig. 6).
Figure 6: Carotenoids in ovaries and 
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 affect GSI (F(2,45) < 2.53, p > 0.09).  GSI was not related 
 
integument were related to GSI
(2, 
. 
  For a subset of 12 fish from the moderate and high diets, the pterin pigment 
content of skin was determined.  
0.71 ± 0.19 ng/g) and not significantly different between treatments (F
0.36).  Iridophores, chromophores, and melanocytes
filets under multi-angle light microscopy (figure 7), but were not quantified in this 
experiment.   
Figure 7: Melanophores (a) and iridophores (b) in convict cichlid integument.
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Pterin content of skin was trace or undetectable (mean = 
(1,11)
 were observed in opaque integument 
 = 0.92; p = 
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3. Effects of fish size 
The change in area of the ventral patch was not affected by carotenoid 
supplementation (p > 0.05), but patch area was positively correlated to fish mass (R2 = 
0.54, df = 47; p < 0.001).  There were no significant treatment effects on body mass 
(F(2,45) = 1.26, p = 0.29).  Nor was there a relationship between fish mass and skin 
carotenoids (p ≥ 0.24 for all), but fish mass was a significant positive predictor of ovary 
carotenoids (R2 = 0.35, df = 43, p < 0.001).  Large control fish lost more yellow 
coloration (PC2) than their smaller counterparts within the same treatment (R2 = 0.27, df 
= 24, p = 0.008), but this did not occur in either supplemented group (moderate 
carotenoids: R2 = 0.12, df = 8, p = 0.37; high carotenoids: R2 = 0.14, df = 13, p = 0.19).   
 
D. Discussion 
 The first aim of the present study was to show that the coloration of the ventral 
patch is mediated by dietary carotenoids.  In support of this, we found that carotenoid 
content of diets affected the visible color of the fish, and we found carotenoids in 
integument with HPLC.  Presence of carotenoids in the diet increased fish reflectance in 
the green, yellow, and orange portion of the spectrum as shown by increased PC2 values.  
In the non-supplemented group, fish lost yellow coloration as a result of carotenoid 
deprivation.  Although initially we detected an effect of diet on PC1 (green-orange) using 
ANOVA, after pairwise testing, PC1 was not significant.  This could have occurred 
because of some initial differences in coloration between the groups, or because melanin-
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based pigmentation is the main source of individual variation detected by the PCA 
(Cuthill et al., 1999).   
  Moderate carotenoid group fish also showed a significant increase in reflectance 
above 650 nm (PC3), as shown in figure 3, over the high and control groups.  High doses 
of β-carotene may have suppressed reflectance of long wavelengths (red) and shorter 
wavelengths (blue), while increasing mid-range wavelengths (green-orange), resulting in 
an overall decrease in PC3.  This leaves the moderate group as the only diet to increase 
reflectance in the spectral region above 650.  While the moderate group changed in the 
direction we predicted, but the high group did not.  This could be due to variations in 
melanophore dilation, skin thickness, mucus layer, or other physical changes in the 
integument.  Because 650 is above the range at which carotenoids would reflect, the 
authors do not believe that PC3 is informative for the purposes of the present work. 
 HPLC results indicated that carotenoids are the main pigment of yellow ventral 
patches, but carotenoids failed to account for a significant portion of the variance in fish 
color.  As predicted, fish that ate both the moderate and high diets placed significantly 
more carotenoids in their ovaries than fish on the control diet.  Carotenoid content in 
integument was also linked to ovary carotenoids, which is consistent with previous 
findings in female fishes (Grether et al., 2008; Svensson et al., 2006).  We did not find 
that integument reflectance was linked to carotenoids in the ovaries, which supports 
previous work suggesting that the yellow ventral patch is not sexually selected by males 
(Beeching et al., 1998). 
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 Patch coloration was not related to GSI, but carotenoid deposition in integument 
and ovaries appears to respond strongly to gonad maturation.  As gonads matured, GSI 
increased, and so did the concentration of carotenoids detected there.  Gonad maturation 
was also associated with a decline in carotenoid allocation to the integument, and both of 
these effects appeared independently of diet group.  This seems to support our alternate 
hypothesis that females have evolved some means of reducing the costs of carotenoid-
based ornamentation in the integument, but the adaptive importance of our conclusions 
rest on the assumption that yolk carotenoids are important to offspring fitness.  As noted 
in the introduction, this finding is variable in fishes.  Multi-generational observations are 
currently underway in our laboratory to determine how yolk carotenoids might enhance 
offspring fitness in convict cichlids. 
 Fish could alter their coloration without changing the amount of carotenoids in 
their integument by aggregating or dispersing xanthophores (Leclercq et al., 2010; Fujii, 
2000), which can be triggered by various environmental factors, such as stress and light 
(Gray et al., 2011).  However, any handling stress the fish may have experienced would 
have been present across all of the groups, and previous work does not suggest a link 
between dietary carotenoids and chromophore dilation.  We also did not detect any 
indicators of long-term physiological stress in terms of reduced growth or GSI as a result 
of the diet treatment.  The possibility that gonads are directly visible through a 
translucent patch of skin (Baird, 1988; Svensson et al., 2009) can also be dismissed 
because convict cichlids possess an opaque gray or silver lining of the peritoneal cavity.  
This lining conceals all of the organs, including the gonads, from observation through the 
 21 
 
skin. 
 Iridophores can produce color in fishes, lizards, amphibians, and other taxa either 
through interactions with pigments (Grether et al., 2004a) or by altering the angle, 
dispersion, and orientation of purine platelets to produce matte white, silver, blue, brown, 
or yellow coloration in addition to others (Bagnara et al., 2007; Mäthger et al., 2009; 
Oshima and Kasai, 2002; Yoshioka et al., 2011).  Under magnification, yellow/green 
light-reflecting iridophores were visible within the ventral patch region of convict 
cichlids.  Iridophores were present on other areas fish skin, but appeared blue or blue-
green in color.  We were unable to quantify iridophores and their contribution to the 
spectral readings because these calculations require a priori knowledge of the underlying 
structure of the skin layers and any attenuating or amplifying effects of other color-
producing molecules (Grether et al. 2004b).  Further study will be necessary to determine 
how structural coloration is affected by dietary carotenoid availability in convict cichlids, 
but the results presented here are similar to a recent finding in common lizards (Lacerta 
vivipara) in which iridophores control chromatic variation of a carotenoid-based 
ornament (San-Jose et al., 2013).   
 Carotenoid limitation could be responsible for the relationship between increased 
body mass and decreased yellow coloration in the control diet group.  Larger animals are 
probably required to ingest more carotenoids in order to maintain the same tissue 
carotenoid concentrations as smaller fish, as signal detection theory predicts that signalers 
with larger ornaments experience an exponential, rather than linear, demand for color-
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reflecting molecules (Weber's Law, Barlow and Mollon, 1982).  In addition, we found 
that larger fish from all the treatment groups placed more carotenoids in their ovaries than 
smaller fish.  It is possible that larger fish became carotenoid-limited before their smaller 
counterparts because their demand increases exponentially with respect to their body size.   
 However, the lack of a significant effect of mass on skin carotenoids casts doubt 
on this conclusion; it is possible that the effect size of mass was simply too small to be 
detected with our sampling methods, or that social environment may contribute to color 
expression.  If yellow ventral patches have an intrasexual signaling function (Beeching et 
al., 1998), modulation of fish color should be based on social interactions.  Furthermore, 
iridophores have been shown to be under neurological control and play an important role 
in agonistic and reproductive behaviors in squid (Lolliguncula brevis, Hanlon et al., 
1990); the same could be true for convict cichlids.  The importance of social environment 
in color expression is further supported by the detection of significant tank effects in the 
coloration analysis. 
 The present study showed that dietary carotenoid content increases ventral patch 
coloration which is not related to carotenoid content of the integument.  Also, gonads 
sequestered carotenoids as they matured, and reduced allocation of carotenoids to the 
skin independently of the diet groups.  Yellow coloration may contain information about 
an individual's fitness or quality, but we cannot say that yellow ventral patches are 
condition dependent.  This would require evidence for a proximate mechanism and a cost 
of signal production, which we did not detect.   
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 The present study found support for a strong influence of social environment on 
the expression of the ventral patch.  Iridophores may perform the role of decreasing the 
cost of carotenoid allocation to the integument, as carotenoid content of skin did not 
account for a significant portion of variance in spectral reflectance.  The results presented 
here do not support our initial hypothesis that females experience a high demand for 
carotenoids, but instead offer some support for our alternative hypothesis that females 
may evolve a strategy to reduce the cost of carotenoid allocation.  From a broader 
perspective, our results raise interesting questions about the importance of competition 
for resources as a selective pressure for female ornamentation, as well as how honesty is 
maintained.  Future studies should address the social aspect of convict cichlid ventral 
patch color, and consider the influence of structural color on ventral patch expression.   
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CHAPTER II 
MATERNAL EFFECTS OF CAROTENOID SUPPLEMENTATION 
 
A. Introduction 
 Conspicuous colors of many birds, fishes, and lizards are produced by 
pigmentation of the skin and feathers.  Animals can synthesize some pigments, such as 
pterins and melanins, but other pigments, such as carotenoids, must be obtained from the 
diet.  The carotenoid tradeoff hypothesis predicts that the expression of carotenoid 
ornaments is constrained by 1) carotenoid availability, and 2) competing physiological 
demands.  In addition to pigmentation, biochemical demands for carotenoids include 
antioxidant protection (Bertrand et al. 2006; Costantini & Moller 2008; Garratt & Brooks 
2012), immune function (Pap et al. 2009; Toomey, Butler & McGraw 2010; McGraw, 
Nolan & Crino 2011), and reproduction (Surai et al. 2001; Newbrey & Reed 2009).  
Carotenoids are also used in egg production, so carotenoid ornamentation can honestly 
signal the foraging ability, molecular health, or offspring quality of a potential mate 
(Lozano 1994).   
 Females that allocate carotenoids to ornaments at the expense of eggs should 
incur fitness costs (Fitzpatrick, Berglund & Rosenqvist 1995; Chenoweth, Doughty & 
Kokko 2006).  Because of this, ornamented mothers should allocate carotenoids to eggs 
at the expense of body pigmentation (Morales, Velando & Torres 2009).  To decrease the 
cost of distributing carotenoids among eggs, ornamentation, and other physiological 
demands, ornamented females can use alternative strategies to enhance ornament 
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expression.  Alternative strategies may include translucent skin over pigmented gonads 
(Baird 1988; Svensson et al. 2005), involvement of endogenous pigments (Weiss et al. 
2011), or structural color (Brown, McGraw & Clotfelter 2013).  These strategies allow 
females to increase their carotenoid investment in offspring by placing more of the 
pigment into egg yolks.   
 Yolk carotenoids and their derivatives may benefit parental fitness in terms of 
increased offspring growth rate (Lakeh et al. 2010) reduced offspring oxidative stress 
(Blount et al. 2002) and enhanced offspring immunity (Bendich & Olson 1989; Blount et 
al. 2003; McGraw & Ardia 2003).  The following study tests whether female reverse 
sexually-dimorphic fish allocate dietary carotenoids to yolk at the expense of 
pigmentation, and whether maternally-derived yolk carotenoids benefit offspring.  Our 
study system is the convict cichlid (Amantitlania siquia, formerly A. nigrofasciata; 
Schmitter-Soto 2007).  Several forms of sexual dimorphism occur in this species, 
including body size, fin morphology, and brightly colored ventral patches over the 
gonads of females only (Noonan 1983).  Interaction of skin carotenoids and light-
reflective guanine crystals may interact to control the color and brightness of the 
ornament (Brown et al. 2013).   
 Mate choice decisions are based on body size for both males and females 
(Wisenden 1993; Robart 2012)—ventral patches do not appear to be the product of 
intersexual selection (Beeching et al. 1998).  Convict cichlid parents are generally 
socially monogamous (Wisenden 1995; Beeching & Hopp 1999), although males 
occasionally desert the female and offspring (Wisenden 1994).  Females, and sometimes 
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males under laboratory conditions, can successfully raise offspring without a mate 
(Keenleyside & Mackereth 1992; Lavery & Reebs 1994; Itzkowitz, Santangelo & Richter 
2001), but both sexes provide food for offspring and defend the nest site (Wisenden, 
Lanfranconi-Izawa, and Keenleyside 1995).  In general, female convicts are smaller but 
more aggressive than their mates (Lamprecht & Rebhan 1997), spend more time with the 
offspring (Lavery & Colgan 1991; Lavery & Reebs 1994) and display more parental 
behaviors (Lavery & Reebs 1994).   
 The two hypotheses of the present study are as follows: a) carotenoid-
supplemented females should show increased ventral patch yellow color, decreased 
oxidative damage, and increased egg carotenoids compared to non-supplemented 
females.  Furthermore, b) broods from carotenoid-supplemented mothers may be larger, 
grow faster, and show enhanced survival compared to offspring from non-supplemented 
mothers.   
 To address these questions, we fed female fish a carotenoid-supplemented or a 
non-supplemented diet regime and measured their ornament color and carotenoid content.  
After females laid eggs, carotenoids in a sample of eggs were also measured.  Size, 
growth, and survival of broods that hatched from these eggs were measured to determine 
whether and how maternal carotenoids benefit offspring.  Finally, we measured oxidative 
stress in both mothers and offspring to determine if maternal carotenoids reduced 
oxidative stress in mothers and fry. 
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B. Methods 
1. Diets and animals 
 All procedures were approved by the Amherst College Institutional Animal Care 
and Use Committee (IACUC).  Sexually-mature, laboratory-reared offspring of wild 
caught convict cichlids (Río Cabuyo, Lomas Barbudal Biological Reserve, Guanacaste, 
Costa Rica) were used in this work (n = 52).  They were fed to satiation twice daily for 14 
weeks.   The base for convict cichlids diets used in this study was a modified H440 diet, 
which consists of an agar-cellulose-dextrin base (Halver 1989).  The level of carotenoid 
supplementation was within the range of biologically relevant levels (Olson 2006), and 
previously shown sufficient to produce an increase in yellow ventral patch reflectance in 
convict cichlid females (Brown et al. 2013).  There were two diet groups: “non-
supplemented” (<1.0 µg/g carotenoids: 29.5% β-carotene, 70.5% unknown carotenoids 
by HPLC), and “supplemented” with carotenoids from marigold (GNC, Inc.; diet: 5.82 
µg/g carotenoids: 84.9% lutein, 10.7% β-carotene, 4.3% zeaxanthin, 0.1% unknown 
carotenoids by HPLC).  Non-supplemented diets contained no added carotenoids.  A 
preliminary study showed that convict cichlids have no preference for carotenoid-
supplemented or non-supplemented H440 diets (Brown and Clotfelter, unpublished data). 
 
2. Housing and care 
 During weeks 0-8, female fish were individually housed in 2-L clear plastic tanks 
with an airstone in each tank providing constant oxygenation.  Cardboard partitions were 
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placed around the tanks to visually isolate the females.  Once daily, 50% of the tank 
water was removed and replaced with DI water and aquarium salts (Aquarium 
Pharmaceuticals, Inc.) to maintain conductivity between 100-200 µS cm-1.  Algae growth 
was controlled by scraping the inside walls of each tank with an algae-removing magnet 
(Mag-Float®) as necessary, followed by a water change, in order to limit sources of non-
experimental carotenoids. 
On week 8, each female fish was placed in a filtered 38-L breeding tank with a 
clay pot refugia.  At the same time, two potential mates from a pool of unrelated 
laboratory-bred males were also placed into the breeding tank.  Prior to introduction to 
the breeding tanks, males were maintained on commercial cichlid food (Hikari, Inc.).  
While in the breeding tanks, males ate female experimental diets to prevent female access 
to non-experimental carotenoids.   
Potential mates were up to 10% smaller than or equal to the standard length of the 
female.  When a male appeared injured or was observed engaging in mouth-wrestling 
with the female, the male was removed and replaced.  These procedures were used to 
decrease female mortality.  When a male was observed defending the female and the 
refugia from the other male, the male and female were considered paired.  This usually 
occurred with two days of co-habitation.  Males that were not selected as mates were 
immediately removed.  Pairs remained in the breeding tanks until they produced eggs or 
until week 14, when the diet treatment of mothers ended.    
 
3. Maternal body and reflectance measures 
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At 0, 8, and 14 weeks, fish were weighed (±0.01 g), measured for standard length 
with digital calipers (±0.01 mm), and subjected to color reflectance measurements 
(described below).  The residuals of a mass–standard length regression were used as the 
measure of body condition (Roh, Mirza & Brown 2004; Bentley & Schindler 2013).  
Reflectance of the ornamental patch on the left flank of each fish was recorded 
with a fiber optic spectrometer with a pulsed xenon light source (Ocean Optics, USB 
4000).  The probe was placed at a 45° angle to reduce scatter (Lahti 2006; Clotfelter, 
Ardia & McGraw 2007; Brown et al. 2013).  Data were binned into 5 nm increments and 
trimmed to a range of 300-700 nm, as convict cichlids' visible spectrum falls within 400 
to 700 nm (Jackson 2003).  Reflectance was standardized, or centered, by subtracting the 
mean reflectance across all wavelengths before principal component analysis (PCA), as 
described in Cuthill et al. (1999).   
PCA is often used to measure animal coloration because it makes no assumptions 
about the visual system of the viewer and can compress many highly correlated 
reflectance values into a few independent variables (Hill & McGraw 2006).  PCA 
generates a series of orthogonal eigenvectors (the “loadings”) to account for the 
maximum variation in a dataset.  Principal component values, or eigenvalues, explain the 
residual of each fish from the eigenvector (Cuthill et al. 1999; Jolliffe and Ebrary 2002).  
As many PC values as variables will be generated by PCA; here, only components that 
explain >1% of the variance were retained.   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Spectral color and principle component loadings
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 The first principal component (PC1) explained 72.53% of maternal ornament 
reflectance, while PC2 and PC3 explained 19.64% and 4.89%, respectively (Fig. 8).  The 
first component refers to the total size of the area under the spectral curve (or 
“brightness”) and the second and third components show the shape of the reflectance 
curve (“hue” and “chroma”) (Cuthill et al. 1999; Hill & McGraw 2006).  For our data, 
PC2 shows yellow, orange, and red hues (Cuthill et al. 1999; Hill & McGraw 2006), 
while PC3 shows the contribution of the blue and green values.  Additional details of 
eigenvector interpretation are available in Brown et al. (2013) or Cuthill et al. (1999).   
 
4. Maternal organ collection and analysis 
 After laying eggs, females were euthanized with 10 g L-1 tricaine 
methanesulfonate (MS-222) followed by cervical dislocation with surgical scissors.  
Microhematocrit tubes collected blood from the caudal vein of each fish.  Filled 
microhematocrit tubes were centrifuged at 13,000 x g to determine blood hematocrit.  
Blood hematocrit, or packed cell volume, provides a measurement of the proportion of 
red blood cells (erythrocytes) in whole blood as well as an estimate of blood oxygen 
carrying capacity (Wells et al. 1986; Houston 1997).   
The ventral patch was excised from the left side of each female by clipping 
around the perimeter of the patch with surgical scissors. Integument samples were stored 
at -80° C for subsequent analysis by high performance liquid chromatography (HPLC).  
Livers were removed, weighed, and stored at -80 °C for analysis of oxidative damage by 
acrolein assay. 
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5. Chromatography 
Tissues were frozen in liquid nitrogen and ground to powder using a mortar and 
pestle.  Extractions were performed using hexane, and samples were dried and suspended 
in acetone and Tris-HCl buffer.  Cholesterol esterase (Sigma C-9281) hydrolyzed the 
carotenoids in a 37°C hot water bath for 45 minutes.  Carotenoids were extracted using 
sodium sulfate decahydrate and hexane, which was dried down under nitrogen gas and 
reconstituted in mobile phase.  Analyses were performed on a Waters 600 HPLC using a 
Luna 3 µm analytical silica column (Phenomenex 00F-4162-E0).  The flow rate was 1.2 
ml min-1, and the mobile phase was an isocratic mixture of 82:18 hexane:acetone.  The 
injection loop size was 20 µl.  A Waters 600E wavelength absorbance detector was used 
to produce a chromatogram at 474 nm.  Total amounts of carotenoids were calculated 
using peak area integration values and the standard curves for each identifiable 
carotenoid type (Millennium 32, Waters Corp.).  
 
6. Acrolein assay 
 Oxidative damage was measured using an ELISA assay to measure acrolein, a 
stable product of lipid oxidation.  Across biological systems, acrolein binds covalently to 
lysine and can be quantified in protein samples as a measure of unmediated oxidative 
damage (Uchida et al. 1998).  We homogenized each sample in 1 mL mg-1 iced 
phosphate buffered saline.  Following centrifugation at 4500 g for 10 min, a modified 
Bradford protein assay kit (Bio-Rad) determined the supernatant protein concentrations.  
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Samples were then adjusted to a concentration of 1 mg protein 1 mL-1 for the acrolein 
assay.  For the acrolein assay, anti-acrolein monoclonal antibody (mAb5F6) determined 
mM acrolein mg-1 protein in each sample following the protocol of Kurtz et al. (2006).  
Serially diluted standards of acrolein-modified bovine serum albumin (BSA) provided a 
standard curve.  Microplates were read at 474 nm on a spectrophotometer (Bio-Tek 
Instruments).   
 
7. Offspring housing 
 Female fish produced 74-334 eggs each (mean = 202.4 ± 89.35), and live 
offspring hatched from 26 of 27 clutches (carotenoid maternal diet n = 12, non-
supplemented maternal diet n = 14).   Eggs were removed from breeding tanks and placed 
in incubation chambers as soon as spawning had ceased.  Each chamber was an 8 cm 
diameter PVC plastic cylinder with a mesh bottom, suspended within a filtered 38-L tank 
to expose offspring to uniform rearing conditions.  Each brood was placed in a separate 
incubation chamber within the incubation tank.  Tanks were maintained at 23°C (±1°C), 
and water changes were implemented at least once per week or as needed.  Control diet 
was the only food provided to offspring regardless of maternal diet.  Feedings occurred 
once per day until fry began to self-feed (around 7-8 days), at which time feeding 
frequency increased to 3x daily, ad libitum (Fig. 9).  Uneaten food was removed with a 
bulb syringe.   
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Figure 9: Fry development from 1-28 days 
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8. Fry measurements 
 Eggs and fry that were removed for biochemical analyses were included in brood 
size measures, but not survival and growth analysis.  Samples of  ≈ 20 unhatched eggs 
were collected as the brood was transferred to the incubation tanks.  These eggs were 
removed from the nesting substrate with a razor blade, counted, and frozen at -80 °C until 
later determination of carotenoid content by HPLC using the methods detailed above.   
 After hatching, ≈ 20 yolk-dependent fry (<12 hours post-hatch; Fig. 9a) were 
harvested from each brood for acrolein analysis using methods detailed above.  These fry 
were euthanized in a solution of 40% ethanol, rinsed gently in deionized water, weighed, 
counted, and stored at -80 °C until analysis.   
 Photographs were taken of each brood 1) on being transferred to the incubation 
tanks (as eggs), 2) on hatching day, and 3) every 7 days for 28 days.  At stages 1) and 2), 
fry samples for carotenoid analysis and acrolein assay, respectively, were collected prior 
to photography.  Each brood was transferred to a sterile 100 mm petri dish in 200 ml 
incubation water.  The petri dish was placed within a circle drawn onto a white 
background.  A digital camera (Nikon P90) was secured to a small tripod so that the 
camera lens was 18 cm above (90°) the petri dish.  A metric ruler was included within 
each frame for scale.  Afterward, each brood was returned to its incubation chamber. 
 ImageJ software (Rasband 1997) was used to count eggs and measure the length 
of each fry within a clutch.  Average egg volume was calculated using equations 
optimized by Narushin (2005) for analysis of avian eggs, where B is the maximum 
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breadth (mm), and L is the maximum length (mm): 
   0.6057 	 0.0018   
 After hatching, average (AGR) was calculated from the average length for each 
brood (Stobart et al. 1986; Vijayagopal, Gopakumar & Vijayan 2008).  AGR was 
calculated as the average gain in size over the course of the monitoring period as follows, 
where y is the average length at time t: 
 
 	 
 	 
 
 Instantaneous survival rates for each brood were calculated by dividing the fry 
number at t+1 by fry number at t.   
9. Statistics 
 Analyses were conducted using R statistical software v. 2.14.2 (R Development 
Core Team 2010).  To test the effect of dietary carotenoids on ventral ornament color or 
maternal body condition, we used a repeated measures ANOVA.  Diet was the main 
effect, with week (0, 8, or 14) as a fixed effect and fish (subject) nested within diet 
treatment as the error term.  The dependent variable was PC1, PC2, PC3, or body 
condition.  ANOVA was also used to test the effect of breeding status on color, with 
breeding status as the main effect with diet and an interaction term.  The dependent 
variable was PC1, PC2, or PC3.  The effect of diet treatment on integument carotenoids, 
egg carotenoids, egg volume, egg number, liver acrolein, offspring acrolein, or blood 
hematocrit was determined by 2-way ANOVA.   
Offspring analyses were performed using repeated measures ANOVA. Average 
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total length per brood, AGR, or survival was the dependent variable.  Maternal diet was 
the main effect, with day post-hatch as a fixed effect and brood (subject) nested within 
the maternal diet treatment as the error term.   
Multiple linear regression was used to test for relationships between egg volume 
or egg number and fry lengths or survival within the diet groups.  Linear regression was 
used to test for a relationship between maternal mass and egg number, liver carotenoids 
and liver acrolein, or maternal acrolein and offspring acrolein.  All residuals were 
normally distributed except acrolein levels, which were log transformed to achieve 
normality.  P-values were considered significant when p < 0.05. 
 
C. Results  
1. Effects of carotenoids on mothers 
 We predicted that females would allocate carotenoids to their offspring at the 
expense of their own coloration and health, and that carotenoids in eggs would benefit 
offspring.   Maternal integument total carotenoids ranged between 0.08–1.43 µg g-1 and 
consisted of esterified β-carotene and two esterified xanthophylls: astaxanthin and 
tunaxanthin.  Out of 52 female fish that completed the 14-week experiment, 27 fish 
produced eggs.  Carotenoid supplementation did not affect body condition in mothers 
(week 8: F1,25 = 3.05, p = 0.09, week 14: F1,25 = 2.00, p = 0.17).   
 Diet did not affect the proportions of carotenoids (carotenes/xanthophylls) found 
in the integument (F1,25 = 0.15, p = 0.70) or total carotenoids in maternal integument 
(F1,25 = 1.34, p = 0.25).  Supplemented mothers showed significantly decreased blood 
 hematocrit compared to controls (F
levels in the liver (F1,24 = 0.01, p = 0.91). 
Figure 10: Color changes by week and diet
 All female fish became significantly less bright between weeks 0
again by week 14 (F1,47 = 5.311, p = 0.02;
significantly more yellow (PC2) at week 8 than fish who did not produce eggs (F
25.62, p < 0.001; Fig. 11).  Changes in brightness and coloration were not affected by 
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1,25 = 14.32, p < 0.001).  Diet did not affect acrolein 
 
  
 
 
-
 PC1, Fig. 10).   Fish that produced eggs were 
8, and brighter 
1,47 = 
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carotenoid supplementation (F1,47 ≤ 0.11, p > 0.74 for all) or related to carotenoids found 
in the integument (R2 = 0.01, p > 0.26, for all).  Yellow coloration was not affected by 
diet supplementation when the analysis was restricted to fish that spawned (F1,25 = 3.37, p 
= 0.07), although supplemented fish became more yellow (PC2) on average.   
 
Figure 11: Color changes in breeding versus non-breeding female convict cichlids 
 
2. Effects of maternal carotenoids on offspring 
 The mean carotenoid concentration of eggs was 2.04 (± 0.97) µg g-1.  HPLC 
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detected esterified carotenes, tunaxanthin, and astaxanthin, in addition to trace amounts 
of astacene, lutien, and zeaxanthin, and several unidentified carotenoids.  Maternal mass 
at week 8 predicted egg number (R2 = 0.13, p = 0.02, n = 26).  
 Growth and survival analysis in the present study could not continue beyond 28 
days because most of the offspring from non-supplemented mothers died, resulting in 
sample sizes too small to compare.  Maternal carotenoid supplementation significantly 
increased offspring size (F1,72= 28.15, p < 0.001), but this effect did not appear until the 
fry were older than 14 days (Fig. 12a).  Offspring from carotenoid supplemented females 
survived longer than offspring from control females (F1,21 = 13.13, p = 0.003; Fig. 12b).  
Maternal diet did not increase AGR (F1,101 = 1.15, p = 0.28).   
 Maternal diet also did not affect oxidative damage (acrolein) in larvae (F1,25 = 
0.24, p = 0.63; mean = 2.05 ± 12.49 µg g-1), egg number (F1,21 = 0.13, p = 0.72), egg 
volume (F1,21 = 0.74, p = 0.40) or egg carotenoid content (F1,19 = 0.43, p = 0.52).  Egg 
carotenoids did not affect offspring length, survival (R2 < 0.01, p > 0.50, n = 22 for both), 
or oxidative damage in larvae (R2 = 0.03, p = 0.16, n = 22).   Mean egg volume did not 
affect growth (R2 < 0.01, p = 0.82, n = 10) or survival (R2 < 0.01, p > 0.50, n = 22).  
Maternal acrolein did not reflect offspring acrolein (R2 = 0.04, p = 0.15, n = 22).   
 
D. Discussion 
 If dietary carotenoids are limited and beneficial to offspring development, females 
that allocate carotenoids to somatic demands at the expense of eggs may suffer reduced 
fitness (Morales, Velando & Torres 2009).  We found that offspring from mothers on the 
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carotenoid-supplemented diet grew larger and survived longer than offspring from non- 
supplemented mothers, but this wasn't linked to carotenoids deposited into eggs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Growth (a) and survival (b) of fry from mothers on experimental diets 
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 Likewise, mothers maintained carotenoid stores in integument, yellow ornament 
coloration, and antioxidant status even without supplemented carotenoids.  It seems that 
carotenoids in the bodies of female fish were not depleted by egg production, although 
carotenoids in the maternal diet may enhance offspring fitness indirectly.  
 The result that ventral ornament color and integument carotenoids were 
maintained across both diets is consistent with previous work proposing a role for 
iridophores and pterin pigments in reducing the cost of carotenoid ornamentation (Weiss, 
Foerster & Hudon 2012; Brown et al. 2013).  The present study also found that fish that 
produced eggs were more yellow prior to introduction to the breeding tank on week 8 
than fish that would not produce eggs.  Although the function of the yellow ventral patch 
was not what this experiment was designed to test, this result offers some support to the 
hypothesis that the patch is a visual signal that may contain information about female 
reproductive status. 
 Maternal carotenoids may have a role early in offspring development in some 
species (Winston, Lemaire & Lee 2004), but we observed benefits of maternal 
carotenoids to offspring around 14 days.  In convict cichlid larvae, exogenous feeding 
begins on day 8, and the yolk sac disappears by day 9-10 (Meijide and Guerrero 2000).  
Starvation, developmental errors, and heightened predation risk may converge during this 
time to result in the stage of highest mortality in larval fishes (Sifa & Mathias 1987).  The 
mechanism for the survival benefits we report here, however, is still unknown. 
 After 14 days, maternal dietary carotenoids increased the length of offspring.  
This was accompanied by an increased growth rate (AGR) on average, although this 
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effect was not significant.  A delay in growth-enhancing benefits of maternally-derived 
carotenoids has also been reported in gray partridge chicks, Perdix perdix (Cucco et al. 
2008).  The delay in growth and survival benefits that we report further support the 
hypothesis that maternal diet affects offspring indirectly, as benefits were first detectable 
after the yolk was fully consumed.  
 Maternal carotenoid supplementation to eggs affects offspring growth rate in 
many birds, fish, and shrimp (Rema et al. 2003; Wang et al. 2006; Cucco et al. 2008; 
Lakeh et al. 2010; Jha et al. 2012; Niu et al. 2012).  But we found no link between 
maternal diet and egg volume.  Egg size often predicts offspring success in birds (Krist 
2011) but the relationship between maternal fitness and increased egg size is less clear in 
fishes, as fish often encounter a tradeoff between egg number and egg size (Mann & 
Mills 1985; Semmens & Swearer 2012; Morrongiello et al. 2012).  Our results show that 
and egg volume did not influence growth or survival in convict cichlids in the laboratory 
environment.  Antioxidant carotenoids may allow for increased offspring growth by 
relieving oxidative stress in some species (Catoni, Peters & Schaefer 2008), but neither 
decreased egg carotenoids nor increased fry acrolein were found in offspring from non-
supplemented fish in the present study.  Likewise, there was no link between maternal 
acrolein and offspring acrolein, which might have observed if mothers donate limited 
antioxidants to eggs. 
 Although our experimental design could not compare broods into adulthood, the 
pre-juvenile stage of fish development—which typically begins around 28 days in 
Neotropical cichlids—is characterized by the presence of adult organs and limbs, 
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including the fins (Meijide & Guerrero 2000).  Growth and survival measurement could 
not continue beyond 28 days in this study because most of the control offspring had died, 
adding more support to the hypothesis that carotenoids in the maternal diet are important 
for proper development of offspring.  Both carotenoids and retinoids support immunity 
(Amar et al. 2001, 2004; Clotfelter et al. 2007; Mora et al. 2008; Mullin 2011), and 
retinoic acid, a carotenoid derivative, is involved in the development of larval structures, 
such as the neural crest (Bohnsack & Kahana 2013), the heart (Huang et al. 2011), and 
intestines (Nadauld et al. 2005).   
 Previously our research group found that carotenoid-supplemented fish placed 
more carotenoids into gonads than control fish (Brown et al. 2013), but dietary 
carotenoids did not increase carotenoids in eggs in the present study.  The reason for this 
inconsistency may be that carotenoids are stored in the ovaries and converted to retinoids 
as eggs mature (Levi et al. 2012).  Retinoids are nutrients in the vitamin A family which 
are involved in a variety of cellular processes, including vision (Wald 1968), embryonic 
development (Johnson & Scadding 1991), gene regulation, (Durston et al. 1997; Ross et 
al. 2000), immunity (Mora, Iwata & von Andrian 2008; Mullin 2011), redox homeostasis 
(Alvarez et al. 1995), and embryonic development (Durston et al. 1997; Antipatis, Grant 
& Ashworth 2000; Ross et al. 2000).    
 The decrease in hematocrit of fish that consumed carotenoids does not agree with 
similar studies.  There is some evidence that carotenoids may become detrimentally pro-
oxidant at pharmacologic dosages (El-Agamey et al. 2004; Costantini, Metcalfe & 
Monaghan 2010), which could potentially alter hematological parameters (Messarah et 
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al. 2011), but acrolein data presented here did not show changes in oxidative state, and 
the carotenoid levels used in this study are not pharmacologic.   
 The present study offers some clues to understanding the interaction between 
maternal dietary carotenoids and offspring fitness, and is the first to characterize it in a 
female-ornamented species.  We found that females did not allocate pigment to offspring 
rather than their own somatic demands.  Also, mothers that consumed carotenoids did not 
increase allocation to their eggs, yet their fry grew larger and survived better than fry 
from non-supplemented mothers.  We cannot rule out the involvement of carotenoid-
derived retinoids in increasing offspring survival and size; retinoids in eggs would have 
been missed by the carotenoid-specific HPLC techniques used in the present study.   
However, this is not the only possible mechanism for producing offspring benefits 
without increased egg carotenoids.  How dietary carotenoids might produce indirect 
trans-generational effects is an important topic for future research.   
 
 
 
 
 
 
 
 
 
 46 
 
CHAPTER III 
ANTIOXIDANT ß-CAROTENE ENHANCES RESISTANCE TO 
EDWARDSIELLA TARDA 
A. Introduction 
 Reactive oxygen species (ROS) readily oxidize intracellular components, such as 
lipids, proteins, and DNA (Dowling & Simmons 2009).  When ROS occurs in excess of 
an organism's ability to prevent oxidative damage to the host molecules, oxidative stress 
results.   One source of ROS is the respiratory burst of the innate immune system, in 
which phagocytes release highly reactive superoxide anions in responese to contact with 
a pathogen (Finkel & Holbrook 2000).  In addition, any increase in metabolic rate, 
including immune activation, may exacerbate leakage of ROS from the mitochondria 
(Balaban, Nemoto & Finkel 2005).  
 Organisms can mitigate oxidative stress with endogenous antioxidants or 
exogenous antioxidants, such as carotenoids (Sies, Stahl & Sundquist 1992).  The 
pharmacological action of carotenoids in the oxidative system is not fully understood, 
and prior work on the role of these molecules has produced conflicting results.  
Antioxidant carotenoids may prevent damage to surrounding host cells during immune 
activation (Chew & Park 2004; McGraw & Klasing 2006; McGraw, Nolan & Crino 
2011) but may also reduce the efficacy of the respiratory burst (Murakami et al. 2000; 
Siems et al. 2003).  In contrast, under certain conditions carotenoids may even become 
pro-oxidant (Palozza 1998; Palozza et al. 2003; El-Agamey et al. 2004).  
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 The present study considers how dietary limitation of carotenoids affects 
oxidative stress and oxidative damage to cell components in the presence of immune 
challenge.  Dietary limitation of carotenoids may be a biologically-relevant situation for 
many organisms because carotenoids can have competing physiological functions 
including allocation to reproductive organs (Helfenstein et al. 2010; Brown, McGraw & 
Clotfelter 2013) and eggs (Brown et al. in review; Blount et al. 2002), cleavage into 
vitamin A (Hill & Johnson 2012), or pigmentation in skin, bills, or feathers (Lozano 
1994; Hill & McGraw 2006).  
 The carotenoid tradeoff hypothesis predicts that animals that display carotenoid-
based signals should experience a trade-off when allocating carotenoids among 
physiological and pigmentation demands (McGraw & Ardia 2003).  As a result, immune 
activation may decrease allocation of carotenoids to pigment roles (Brawner, Hill, and 
Sundermann 2000; Horak et al. 2004; Dijkstra et al. 2007; Baeta et al. 2008).  Previous 
ecological studies have suggested that carotenoid-based ornament coloration's main 
function may be to signal an organism's ROS scavenging ability (Blount et al. 2004; Hill 
2011).   
 The present study uses the convict cichlid (Amatitlania nigrofasciata) to test the 
effect of three levels of ß-carotene supplementation on pathogen clearance rate, 
antioxidant capacity, and the expression of a carotenoid-based signal.  Native to rivers 
and streams in Central America from Guatemala to Costa Rica, convict cichlids are small 
fish  (4.2-5.5 cm standard length) that are colored grey with eight or nine vertical black 
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stripes (Wisenden 1995; Beeching et al. 1998).  Females only possess a yellow or orange-
colored, carotenoid-based ventral patch (Brown et al. 2013).   
 The pathogen used to stimulate an immune response in A. nigrofasciata was the 
zoonotic bacteria Edwardsiella tarda.   Edwardsiellosis, caused by Edwardsiella spp., is 
an economically important disease found in many fresh water and marine fishes, birds, 
reptiles, and mammals (Rashid et al. 1997; Mohanty & Sahoo 2007).  Edwardsiella 
enters the bloodstream of fish through the intestines, gills, and epithelium, and is found 
worldwide (Mohanty & Sahoo 2007).  Virulent strains of E. tarda possess genes for 
producing bacterial superoxide dismutase (sodB) and catalase (katB), which may help the 
microbe resist ROS released by the respiratory burst (Han et al. 2006).  Edwardsiella spp. 
occurs naturally in wild populations of A. nigrofasciata (Brown, unpublished data). 
 We predict that carotenoid-supplemented fish will clear E. tarda from skin mucus 
faster than fish on the control diet and be able to maintain yellow ventral patch color.  If 
carotenoids cause convict cichlids to clear infections sooner and undergo reduced 
oxidative stress, our results will support the conclusion that carotenoids enhance 
immunity and antioxidant capacity.  If reduced oxidative stress is accompanied by 
increased color reflectance, our results will support the hypothesis that carotenoid 
ornamentation may signal increased antioxidant capacity.   
B. Methods 
1. Diets 
 49 
 
 Diets were based on nutrient-free H440 agar-casein-dextrin formulations as 
described previously (Halver 1989; Brown et al. 2013).  Ascorbic acid and α-tocopherol 
(Sigma-Aldrich) were added to the base, as these compounds may act synergistically with 
carotenoids to remove free radicals (Martinez et al. 2008).  The base mixture was divided 
into three groups to formulate the diets, which were confirmed by high performance 
liquid chromatography (HPLC) to be comparable to formulations used in other studies 
(Grether et al. 2005; Lin et al. 2010): the high carotenoid diet contained 0.21 mg g-1 ß-
carotene, while the low diet contained 0.02 mg g-1 ß-carotene.  No additional carotenoids 
were added to the control diet (<0.001 mg g-1).  Levels of carotenoids in the high diet 
were comparable to those found in unicellular algae of freshwater habitats (Chlorophyta, 
0.25-2.28 mg g-1 lutien, 0.05-1.02 mg g-1 zeaxanthin, 0.26-0.82 mg g-1 ß-carotene; 
Goodwin 1980; Kolluru et al. 2006).  Diets were stored long-term at -80°C in portions of 
10-15 g and moved to 4°C as needed to prevent spoilage.  Experimental diets were 
offered for 13 weeks prior to E. tarda exposure and until the end of the experiment 
(Amar et al. 2001; Grether et al. 2004; Lin et al. 2010).  Fish were fed ad libitum daily 
and the uneaten food was removed after 5 min.  
 
2. Fish care and measurements 
 All experimental and animal handing procedures were approved by the Amherst 
College Institutional Care and Use Committee (IACUC).  Domestic female convict 
cichlids (A. nigrofasciata, n = 42) were obtained from a commercial distributor and 
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quarantined for 6 weeks.  Before entering the experiment, fish skin mucus was tested for 
E. tarda growth.  Each female was then housed individually in a 7L tank aerated with an 
airstone at 26º±2ºC with a 12:12 light:dark photoperiod.  Fish were anesthetized at the 
beginning and end of the experiment with 1 mg ml-1 tricaine methanesulfonate (MS-222) 
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Figure 13: Color changes and principle components  
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 and then color, standard length (± 0.01 mm) and body mass (± 0.01 g) measurements 
were collected.  At the end of the experiment, anaesthetized fish were sacrificed by 
cervical dislocation following body and color measurements.  Liver and skin from the 
pigmented patch area were collected with surgical scissors and forceps and stored at -
80°C 
3. Reflectance measurements 
 To measure the color of the yellow ventral patch, an Ocean Optics USB4000 
bifurcated fiber optic spectrometer with a pulsating xenon light source recorded the color 
of each fish's ventral patch between the second and third black vertical stripe (Brown et 
al. 2013).  A black latex cuff on the probe standardized the angle (90°) and distance (3 
mm) from the surface of the fish.  Spectrometer data was collected using the SpectraSuite 
software (version 2.0.159) for wavelengths 300-700 nm with boxcar smoothing set to 5.  
For each reading, three spectra were averaged with an integration time of 100 ms (Figure 
13a-b).  We analyzed reflectance data within 300-700 nm, which may slightly exceed (in 
the ultraviolet range) the visual sensitivity of convict cichlids (400-700 nm; Jackson 
2003). 
 Reflectance spectra were condensed by principle components analysis (PCA), 
which is often used to compare brightness, hue, and chroma in studies of carotenoid 
coloration in animals (Cuthill et al. 1999; Hill & McGraw 2006; Clotfelter et al. 2007).  
Orthogonal eigenvalues, or principle components, are calculated to account for the 
greatest amount of variance among the spectra, as discussed in Brown et al. (2013).  Only 
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components that accounted for >1% of the variation were retained.  The first three 
components (PC1, PC2, and PC3) accounted for 0.86, 0.08, and 0.03 of the total variance, 
respectively, for a total of 97.8%.  PC2 represents carotenoid coloration, while PC1 
describes achromatic brightness (Figure 13c). PC3 describes the blue and green areas of 
the spectra.   
 
4. Edwardsiella tarda protocols 
 Edwardsiella isolating media, which takes advantage of Edwardsiella resistance 
to the antibiotic colistin, was made according to methods outlined in Shotts & Waltman 
(1990).  Virulent E. tarda from channel catfish (Ictalarus punctalus) were grown in 
liquid Edwardsiella isolating media at room temperature for 48 hours, washed twice with 
phosphate buffered saline (PBS) and adjusted to 1×106 CFU ml-1 using a 
spectrophotometer (Bio-Tek).  Bacterial species identity was confirmed by a standard 
tube slant innoculation (Collins & Lyne 1976).  A spectrophotometric standard curve was 
determined by colony count on solid Edwardsiella isolating media plates.  Stock 
concentrations used in the present experiment were later also confirmed by colony count 
on solid Edwardsiella isolating media.  
 Fish were exposed to 142.8 CFU mL-1 E. tarda by adding 1ml of the washed E. 
tarda stock (or sterile PBS, for controls) to each tank.  After mixing, tank water from 
both groups was grown on Edwardsiella isolating media and colonies were counted to 
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confirm exposure levels.  Exposures lasted for 12h, after which time the 100% of the tank 
water was removed and replaced with non-infectious water for all fish. We determined in 
a pilot experiment that this exposure level and duration produces symptoms (labored 
breathing, excess mucus production, loss of appetite, lethargy; Saleh 2005) but no 
fatalities in otherwise healthy animals. 
 Following exposure, E. tarda in skin mucus was tested every 3 days post infection 
(dpi) for 21 days.  To this end, an innoculating loop was brushed over the entire flank of 
each fish to collect a film of fish mucus.  The loop was streaked onto 2 separate 
Edwardsiella isolating media plates (one per flank) and incubated at 22°C for 48 hours.  
Infection was considered cleared from skin mucus when it did not produce any E. tarda 
colonies at least twice over consecutive sampling periods. 
  
5. Antioxidant assays 
 Two assays were used to represent the oxidative status of each animal: acrolein 
and Trolox equivalent antioxidant capacity (TEAC).  The amount of protein-bound 
acrolein indicates oxidative damage that has already occurred—previous unmitigated 
oxidative stress.  The TEAC assay measures the total, short-term antioxidant capacity of 
all circulating antioxidants, both endogenous and exogenous.  Fish livers were 
homogenized in 0.1 mg ml-1 PBS, and then centrifuged at 4500 g for 10 min (4°C).  
Supernatant was used for all three assays.   A modified Bradford protein assay kit 
 (Sigma-Aldrich) allowed liver supernatant concentration to be adjusted to 0.3 mg ml
both acrolein and TEAC. 
 For the TEAC assay, 
acid (ABTS) is reacted with potassium persulfate t
amount of radical neutralized by an antioxidant
using a 734 nm spectrophotometer (Molecular Devices VersaMax).  Known 
concentrations of Trolox, a water soluble analog of vitamin E, serv
The capacity of a sample to quench ABTS cation is expressed as Trolox equivalency 
units.   
Figure 14: Acrolein and TEAC were highly correlated
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 For acrolein quantification, liver supernatant or known concentrations of acrolein-
modified bovine serum albumen (BSA) were incubated for 12h at 37º C in a medium 
binding, round bottom 96-well plate (Fisherbrand).  After washing 3x with TBS-Tween 
buffer solution, wells were blocked with BSA in TBS-Tween.  Acrolein was detected by 
monoclonal antibody mAb5F6.  The secondary antibody was HRP conjugated anti-mouse 
IgG produced in rabbit.  SIGMA Fast OPD (Sigma Aldrich) substrate solution allowed 
for spectrophotometric detection at 450 nm.  Acrolein and TEAC parameters were 
positively correlated (adjusted R2 = 0.86, Figure 14).  As a result, TEAC was included as 
a covariate predictor when testing acrolein, and vice versa.  
 
6. High performance liquid chromatography 
 Skin was processed for carotenoid analysis using methods outlined in Brown et al. 
(in press).  Briefly, skin was frozen in liquid nitrogen and ground to powder using a 
mortar and pestle.  Carotenoids were extracted with hexane, and samples were dried, 
resuspended in acetone and diluted into Tris-HCl buffer.  Carotenoids were hydrolyzed 
with cholesterol esterase (Sigma C-9281) and extracted using sodium sulfate decahydrate 
and hexane.  Hexane was evaporated under nitrogen gas and reconstituted in 82:18 
hexane:acetone mobile phase.  
 Analyses were performed on a Waters 600 HPLC using a Luna 3 µm analytical 
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silica column (Phenomenex 00F-4162-E0) at a flow rate was 1.2 ml min
-1
.  A Waters 
600E wavelength absorbance detector produced a chromatogram at 474 nm. Total 
amounts of carotenoids were calculated using peak area integration values and analytical 
standards (CaroteNature, Switzerland) for each identifiable carotenoid type (Millennium 
32, Waters Corp.). 
 
7. Statistics 
  All statistical tests were performed in the R project software (Version 3.0.1; R 
Development Core Team 2010).  Log transformations were applied to TEAC and 
acrolein data to resolve non-normality and several influential outliers.  All other data 
were normally distributed.  Any control fish that became ill or contracted E. tarda due to 
cross-contamination with exposed fish were excluded from the analysis.  All fish exposed 
to E. tarda were included.   
 General linear modelling, including ANCOVA, was used to test diet and E. tarda 
exposure on color, oxidative parameters, pathogen clearance, and skin carotenoids.  
Standard length was included as a covariate when testing the effects of diet and pathogen 
exposure on color and integument carotenoids.  HSD tests were used for pairwise 
comparisons.  Linear regression models were used to test continuous predictors, such as 
the relationship between oxidative balance and color or carotenoid content of skin.  Tests 
were considered significant when p < 0.05. 
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C. Results 
 Data were collected from 48 A. nigrofasciata, ranging in standard length from 
1.92–3.43 cm with a mean of 2.66 cm.  Where n < 48, fish were excluded due to 
prohibitively small tissue (liver or skin) sample mass.  Across the control, medium, and 
high carotenoid diets, n = 12, 19, and 17, respectively.  Of these fish, 7 control, 6 
medium, and 9 high diet fish were challenged with E. tarda exposure.  HPLC detected 
three carotenoid types in integument: ß- or α-carotene, tunaxanthin, and astaxanthin.  
Mean carotenoids detected in integument were control: 23.5 ± 2.03 µg g-1, medium: 27.1 
± 52.02 µg g-1 , and high: 32.6 ± 25.44 µg g-1 . 
 
1. Edwardsiella exposure 
 We predicted that dietary carotenoids would help fish clear E. tarda bacteria from 
their skin mucus.  Fish on carotenoid-supplemented diets cleared E. tarda from skin 
mucus more rapidly than unsupplemented fish (F1,37 = 9.49, p < 0.001; Figure 15c).  Fish 
in the control group cleared E. tarda after 17.1 ± 0.84 days, while fish in the medium and 
high groups cleared the pathogen after 15.9 ± 1.47 days and 14.4 ± 1.59 days, 
respectively.  Pairwise comparisons show that clearance rates for fish on the medium 
carotenoid diet are significantly different from the control fish (p < 0.001), but not from 
the high diet fish (p = 0.06).  High diet fish were not different from controls under 
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pairwise testing (p = 0.09). 
 
Figure 15:  Oxidative stress parameters and E. tarda clearance in convict cichlids 
 
2.  Antioxidant measures 
 We predicted that E. tarda would increase oxidative stress, but that carotenoids in 
the diet would decrease oxidative stress.  Exposure to E. tarda decreased antioxidant 
capacity (F1,34 = 11.68, p < 0.002; Figure 15a) and oxidative damage (F1,34 = 11.68, p < 
0.002; Figure 15b).  Carotenoid supplementation had no effect on antioxidant capacity 
(F2,34 = 1.04, p = 0.0.39, Figure 15a), but significantly decreased oxidative damage (F2,34 
= 3.76, p < 0.03, Figure 15b).  Pairwise comparisons indicate that carotenoid 
supplementation did not change oxidative damage in the medium diet (p = 0.09), but 
reduced damage in the high diet (p < 0.001) with respect to the control diet group.  ß- or 
α-carotene in integument was positively related to oxidative damage (t1,33 = 2.72, p = 
0.01) with a significant negative interaction with antioxidant capacity (t1,33 = -2.15, p = 
0.04). 
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3. Color and carotenoid allocation 
 We predicted that E. tarda infection and carotenoid deprivation would decrease 
ornament color and carotenoid pigments in the ornament.  E. tarda infection decreased 
yellow coloration (PC2) of the ventral patches (F1,35 = 5.09, p = 0.04: Figure 16b), but 
diet did not affect yellow color (F1,35 = 0.04, p = 0.96; Figure 16b).  Yellow color was not 
related to antioxidant status (TEAC; F1,37 = -0.09, p = 0.92).   
 Exposure to E.tarda increased carotenoid amounts in the ventral patch area (F1,32 
= 5.34, p = 0.03; Figure 16a).  Diet non-significantly decreased carotenoids in the ventral 
patch area (F1,32 = 3.16, p = 0.06), but increased the proportion of ß- or α-carotene in the 
integument (F1,32 = 3.97, p = 0.03).  E. tarda exposure had no effect on skin carotenoids 
(p > 0.40).   
 
Figure 16: Skin carotenoids and color change in female convict cichlids 
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D. Discussion 
  The present study tested whether dietary ß-carotene a) increases 
antioxidant capacity of fish livers and b) bolsters immunity when challenged with a 
pathogenic infection.  The predictions of the present study were correct that carotenoid 
supplementation decreased the time required for fish to clear E. tarda bacteria from their 
skin mucus and reduced oxidative stress, similar to previous work in crustaceans 
(Gammarus pulex; Babin, Biard & Moret 2010), and birds (Turdus merula; Baeta et al. 
2008).   
 Although dietary carotenoids resulted in lower oxidative stress in the livers of 
infected fish, higher skin carotene levels were correlated to depressed antioxidant 
capacity and increased oxidative damage.  Since liver carotenoids were not tested in the 
present esperiment, we cannot determine whether carotenoids caused increased oxidative 
stress or their allocation to skin rather than liver caused increased oxidative stress.   
 Carotenoids could also support immunity by acting as pro-oxidants, although we 
cannot know for sure if that happened in the present study.  In vitro studies of ß-carotene 
have shown that, while it is an effective quencher of some types of ROS, hydrogen 
peroxide may react with ß-carotene to form carbon centered carotenoid radicals (Woods, 
Bilton & Young 1999; Tanumihardjo 2013).  Other mechanisms for pro-oxidant action of 
carotenoids occur in the presence of chronic oxidative stress, oxygen exposure, or 
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pharmacologic carotenoid concentrations (Palozza 1998; Palozza et al. 2003; El-Agamey 
et al. 2004).  However, we cannot tell from the design of the present experiment if 
carotenoids caused increased oxidative stress. 
 Also contrary to our predictions, E. tarda decreased oxidative stress and oxidative 
capacity in the presence of ß-carotene.  Pro-oxidant carotenoids may force E. tarda to 
upregulate production of bacterial antioxidants (Rao, Yamada & Leung 2003; Han et al. 
2006), or cause fish to produce more endogenous, defensive antioxidants.  Previous work 
showing that carotenoids may modulate the levels of other antioxidants (Krinsky 1989) 
lends support to the second possibility, but further tests of the types of antioxidants 
responsible for the increased TEAC are necessary.  Increased host antioxidant capacity 
may result in more efficient macrophage phagocytosis of E. tarda as shown previously in 
a study of closely-related E. ictaluri (Wise et al. 1993).   
 Hartley & Kennedy (2004) suggest that carotenoids are too inefficient to be 
considered vital components of the free-radical mitigation system, so body pigmentation 
is not a likely indicator of carotenoid antioxidant capacity.  In carotenoid sparing, an 
organism may remove carotenoids from the integument in response to an oxidative 
challenge in order aid in free-radical mitigation; therefore, only healthy individuals can 
afford to spare endogenous antioxidants to protect ornamental carotenoids (Svensson & 
Wong 2011).  We did not find support for this hypothesis.  Infected fish, which declined 
in color, experienced decreased oxidative stress compared to the unexposed animals, 
opposing the direction of the relationship proposed in sexual selection literature (Lozano 
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1994; Helfenstein et al. 2010; Perez-Rodriguez, Mougeot & Alonso-Alvarez 2010) 
 Carotenoids may act as beneficial antioxidants, but pro-oxidant properties could 
also benefit an organism by up-regulating endogenous antioxidants.  Recent studies in 
green tea (Camellia sinensis) polyphenols demonstrate similar beneficial effects of both 
pro-oxidant and antioxidant activities to inhibit bacterial growth (Liu et al. 2013) and 
prevent cancer, activity similar to that of ß-carotene (Forester & Lambert 2011).  Further 
testing should determine whether pro-oxidant carotenoids prime the redox system for 
immune activation.  The physiological value of carotenoids, and thus the cost and 
information content of carotenoid-based ornamentation, may depend on the redox 
environment in vivo.  
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CHAPTER IV 
 
ARE CAROTENOIDS LIMITED? A FIELD AND LABORATORY TEST 
 
A. Introduction 
 Since carotenoids must be obtained from the diet, the carotenoid tradeoff 
hypothesis predicts that the honesty of a carotenoid-based ornaments is reinforced by 
competing physiological demands for carotenoids (Lozano 1994; McGraw and Ardia 
2003).  There is ample evidence that carotenoids support immunity (McGraw et al. 2006, 
Blount et al. 2003) and likely have some antioxidant capacity in vivo (Burton 1989; 
Horak et al. 2006; Cohen et al. 2008), in addition to their function as pigments.  Honest 
signaling is thereby enforced by allocation away from pigmentation to somatic carotenoid 
demands.   
 Carotenoid availability in the diet is often cited as the main factor controlling 
whether an ornamented animal can maintain color while meeting its other somatic 
carotenoid demands (Olson and Owens 1998; Grether, Hudon, and Endler 2001).  Olson 
and Owens (1998) explain that, furthermore, environment and genetics, are also 
important.  We can think of these in terms of stages of carotenoid limitation: first 
environmental carotenoid availability, which is influenced by life history traits (aquatic 
vs. terrestrial, herbivore vs. carnivore, etc.) and geographical location (Grether, Hudon, 
and Millie 1999), describes the gross carotenoids available to an animal.  Next, ingestion, 
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or diet, is the amount of carotenoids obtainable from the food sources that the animal 
chooses to eat.  Finally, genetics refers to the molecular processes that result in body 
color expression.  Of course, many genetic pathways respond to environmental and 
dietary influences as well Hill (2011).  Each sequential stage of limitation may reduce the 
pool of carotenoids available for color expression. 
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Figure 17: A carotenoid limitation funnel shows how each stage of carotenoid 
processing limits the pool of available pigments. 
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 The present study expands on the theoretical stages of carotenoid limitation to 
include the biochemical stages of carotenoid absorption and utilization, outlined in figure 
17.  After ingestion, carotenoids must be released from the food matrix by food 
processing and digestive action (Parker 1996).  Genetics, such as the ability to hydrolyse 
carotenoids from associated esters (Lee et al. 1999), interact with behavior, such as 
chewing or cutting (Parker 1996), and the contents of the food matrix, such as fiber and 
carotenoid-protein complexes (Erdman, Bierer, and Gugger 1993; Riedl et al. 1999; Hof 
et al. 2000) may limit carotenoids that can be released from food at this stage.   
 After release, carotenoids must be incorporated into lipid droplets called micelles 
in order to be absorbed by the intestinal mucosa (Levin and Mokady 1995; Wang et al. 
2012; absorption, fig. 1).  Here, carotenoids may be limited by competition with other fat-
soluable parts of the food matrix, like vitamin E (San-Jose, Granado-Lorencio, and Fitze 
2012) and lipids (Fernández-García, Mínguez-Mosquera, and Pérez-Gálvez 2007; San-
Jose, Granado-Lorencio, and Fitze 2012).  Within the mucosa, some carotenoids are 
converted to retinoids or other carotenoid types (Hill and Johnson 2012).  Next, 
lipoproteins reassemble carotenoids within the mixed micelles into chylomicrons for 
transport to the lymph, bloodstream, and peripherial tissues.  Carotenoids that complete 
these steps circulate throughout the body for cells to use. 
 In order to explore the question of the relative influence of genes versus 
environment on carotenoid limitation, the present study tests whether a healthy, non-
breeding, carotenoid-pigmented fish has sufficient access to carotenoids in their natural 
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diet to meet all of their physiological needs.  Two hypotheses will be tested: a) a 
pigmented animal will ingest more carotenoids when their physiological need is 
increased, and secondly, b) dietary carotenoid availability (ingestion, Fig.17) controls 
carotenoid accumulation in the body.   
 The field-based portion of the present work presents the first direct measurement 
of dietary carotenoid availability in wild convict cichlids (Amantitlania siquia, Schmitter-
Soto 2007), a freshwater fish that is increasingly used in studies of carotenoid allocation 
dynamics (Brown et al. in review; Beeching et al. 1998; Jackson 2003; Brown, McGraw, 
and Clotfelter 2013).  In A. siquia, females bear gold to orange-flecked ventral patches 
over their gonads, which males lack (Beeching et al. 1998).  The color of the patch is 
produced by both carotenoid pigments and structural coloration (Brown, McGraw, and 
Clotfelter 2013).  Carotenoids in the diet of wild A. siqua will be compared across 
sampling locations to determine if dietary carotenoid contents differ across locations.  A 
positive result may imply that, as shown in guppies (Poecilia reticulata Peters, 1859), 
carotenoid availability in the environment may depend on canopy cover (Grether, Hudon, 
and Millie 1999).  Variation in carotenoid availability between sampling sites may 
fluctuate depending on flow, water level, and seasonality, but these questions were 
outside the scope of this work.   
 The field survey presented here is also the first to document Edwardsiella in a 
wild population of A. siqua.  Edwardsiella spp. have been recorded worldwide, and are a 
major threat to fish health (Alcaide, Herraiz, and Esteve 2006; Han et al. 2006).  Also a 
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zoonotic pathogen, Edwardsiella can be spread in the feces of infected, but a 
symptomatic, birds and reptiles, and is the cause of Edwardsiellosis in humans (Shotts 
and Waltman 1990; Mohanty and Sahoo 2007).   
 Fish infected with Edwardsiella pathogens may choose to consume high-
carotenoid food items.  Specific appetites should be expected to evolve when nutrients 
have functions necessary to maintaining health (Senar et al. 2010).  Depleted animals 
have been shown to develop specific appetites for calcium (Tordoff 2001; Wilkinson et 
al. 2011), sodium chloride (Bare 1949), thiamine (Rozin, Wells, and Mayer 1964; Rozin 
1965), among other nutrients.   (Senar et al. 2010) showed that great tits (Parus major L.) 
prefer carotenoid-injected food sources, which may constitute a specific appetite.  If we 
determine that fish infected with Edwardsiella seek additional carotenoids, the result will 
confirm an important role of foraging, and therefore individual choice, in competing for 
limited carotenoids.  Likewise, a specific appetite would support the concept of 
carotenoids as valuable to immunity or antioxidant balance. 
 The field survey was followed by a laboratory-based, common garden experiment 
to address the question of whether variation in body carotenoids is controlled by genetics 
or environment.  We measured the effects of four biologically-relevant dietary carotenoid 
levels on color, carotenoids in the skin, oxidative stress, and immune cells of the head 
kidney to determine whether carotenoids are limited by environmental availability or by 
individual variation in carotenoid processing.   We predict that if diet is the primary 
modulator of limitation, carotenoid supplementation will decrease oxidative damage and 
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support immunity.  Furthermore, we expect to find that female coloration is indicative of 
resistance to oxidative stress (Brown et al. in prep, Perez-Rodriguez et al. 2010).  If diet 
does not affect these parameters, individual variation may be the determinant of body 
carotenoid stores.  The answers to these questions are central to how carotenoid costliness 
is reinforced, and how carotenoid-based sexual colors might have evolved. 
 
B. Methods 
1. Field collection 
 The seven sampling sites used in the present study were located in the Rìo 
Cabuyo in Lomas Barbudal Biological Reserve, Guanacaste Province, Costa Rica (10° 
30' N, 85° 23' W).  Sites consisted of slow-moving pools ≈50 m apart.  Upstream 
immigration (above the sampling areas) was blocked by a vertical cascade.  Additional 
details of this habitat have been described in behavioral studies of A. siquia (formerly A. 
nigrofasciata; Wisenden 1994; Wisenden 1995; Schmitter-Soto 2007).  Lomas Barbudal 
is a dry forest climate, with two alternating wet and dry seasons (Wisenden 1994).  Work 
for the present study was performed in Jan 2013 during the long dry season.  Water and 
weather conditions during field sampling were stable, with a daily maximum of 30° C 
and minimum of 26° C at night.  Each location was sampled twice, two days apart.  
Permission for this work was obtained from Sistema Nacional de Áreas de Conservation 
Costa Rica under permit #02543.   
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 Fish were observed grazing on algae in the morning and late afternoon.  During 
these times, fish were captured by snorkling downstream to upstream with face mask and 
flippers.  Large and medium clear acrylic dip nets were used to capture fish (invisible dip 
nets, Aquatic Ecosystems, Inc.).  On shore, sampling site was recorded for each fish.  Sex 
was determined by examination of gold flecks on the skin and dorsal fin morphology 
(Wisenden 1995; Beeching et al. 1998).  Fish were placed in a small plastic bag and 
weighed using a precision spring balance (±0.1 g; Pesola, Switzerland).  Both flanks of 
each fish were swabbed for Edwardsiella spp. with a sterile cotton swab and plated on 
Edwardsiella isolating media (Shotts & Waltman 1990) in sterile slant tubes.  
 Slant tubes for mucus and stomach contents were incubated with loosened caps at 
room temperature for 48 hours before analysis.  Infection was confirmed by the presence 
of smooth dark green colonies.  Fish were considered infected with Edwardsiella if either 
stomach contents or mucus contained live bacterium.  Stomach contents were obtained 
using gastric lavage (Hartleb & Moring 1995).  In preliminary laboratory tests, this 
method resulted in a high recovery of stomach contents (98% by mass) and no mortality.  
In the field, unanesthetized fish were held in a dampened, gloved hand, and a wet 
kimwipe was placed over the eyes of the fish.  The lavage probe was inserted gently 
through the fish's mouth into the stomach, and then an attached rubber bulb was pumped 
gently by hand until the water regurgitated from the mouth ran clear (Hartleb and Moring 
1995).  Stomach contents were swabbed and plated on Edwardsiella isolating media 
similarly to mucus samples prior to filtration through a paper filter (Whatman) in a 
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ceramic funnel.  Filter papers and solids from the gut were preserved in isopropyl alcohol 
until extraction and carotenoid analysis.  Afterwards, fish were returned to the water 
within 1 m of the capture area. 
 
2. HPLC of stomach contents  
 Stomach contents were rinsed from paper filters with ethanol, dried under 
nitrogen, and weighed.  Carotenoids were extracted from stomach contents using hexane 
and dried under nitrogen a second time.  Samples were re-suspended in acetone and Tris-
HCl buffer for de-esterification.  Cholesterol esterase (Sigma C-9281) and bile salts were 
added to hydrolyze the carotenoids, as described in Jacobs et al. (1982).   Carotenoids 
were extracted again using sodium sulfate decahydrate and petroleum ether (Vecchi et al. 
1987).  These were dried down under nitrogen gas and reconstituted in 82:18 
hexane:acetone mobile phase.  
 A Waters 600 high performance liquid chromatograph (HPLC) with a 20 µl 
injection loop was used with a Luna 3 µm analytical silica column (Phenomenex 00F-
4162-E0) at ambient temperature.  The flow rate was set to 1.2 ml/min, and the mobile 
phase consisted of an isocratic mixture of 82:18 hexane:acetone.  A Waters 600E 
wavelength absorbance detector set at 474 nm was used to produce a chromatogram.  
Total amounts of carotenoids were calculated using peak area integration values and the 
standard curves for each identifiable carotenoid.  Carotenoids in the wild diet of A. siquia 
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were analyzed by GLM with pool, sex, or Edwardsiella status as predictors.  Fish mass 
was included as a covariate.   
 
3. Laboratory tests 
 All of the animal care and use protocols were approved by the Institutional 
Animal Care and Use Committee (IACUC) of Amherst College.  In the laboratory tests, 
we used domestic convict cichlids, A. nigrofasciata, to test the effects of carotenoids in 
the diet on female ventral patch color.  A. nigrofasciata and A. siquia breed freely in the 
laboratory, produce viable offspring, and share history characteristics, although they do 
not co-occur in the wild.  A. nigrofasciata is considered the closely-related basal group to 
A. siquia, and the species can be distinguished by the presence of a Y-shaped melanin-
based bar in A. nigrofasciata (Schmitter-Soto 2007).  Domestic female stock were 
purchased from a local wholesaler, acclimated to laboratory conditions for 3 weeks, and a 
divided into 20-gallon tanks of 12-15 fish each.  Water changes were performed weekly 
using deionized water reconstituted with freshwater salts (RO right, Kent Marine).  Water 
was constantly filtered and oxygenated by movement over activated charcoal within 
hanging filters (Whisper, Inc.).  Fish were fed to satiety twice daily for 16 weeks, and 
uneaten food was removed after 30 minutes.   
 The diet had an agar-casein-dextrose base (Halver 1989; Brown, McGraw, and 
Clotfelter 2013; Brown et al. in review)  with added vitamins C (0.5 g kg-1) and E (300 
µg kg-1).  These vitamins were included because they may prevent radicalization of 
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carotenoids during free radical quenching reactions (El-Agamey et al. 2004; Martinez et 
al. 2008).  Haematococcus algae meal (NatuRose) was added to the diets at 0 µg/g, 5 
µg/g, 16 µg/g, and 1500 µg/g concentrations to simulate the range of carotenoid 
availability in the wild (Guerin, Huntley, and Olaizola 2003; Tejera et al. 2007).  
Haematococcus contained 80% astaxanthin, with < 20% canthaxanthin, ß-carotene, 
astacene, and lutien, as determined by high performance liquid chromatography in our 
laboratory. 
 Following the feeding regimen, fish were removed from their experimental tanks 
and subjected to mass and standard length measurements as well as color reflectance 
spectroscopy (described below).  At the end of the experiment, fish were euthanized in 
100 mg ml-1 MS222 (Tricaine, Fin-Quel) prior to collection of integument, liver, and 
head kidneys, as described below.  
4. Color measurements 
 Integument color was measured using a spectrometer (Ocean Optics USB400) at 
the gonadal region between the fourth and fifth vertical stripes from the anterior of the 
fish on the left side only, as validated previously (Brown, McGraw, and Clotfelter 2013).  
Reflectance was recorded and analyzed at 5 nm intervals over the wavelength range of 
300-700 nm using a 400-µm reflection probe (Ocean Optics R400-7). The probe was held 
at a 90° angle, 5 mm from the sample using a black rubber cylinder that blocked ambient 
light and maintained probe measurement distance.  Integration time was set to 100, and 
the boxcar smoothing was set to 50.   
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 Principal components analysis (PCA) was used to reduce the spectrophotometric 
data.  This technique is often used in studies of animal coloration, and carotenoid-based 
coloration specifically (Cuthill et al. 1999; Jolliffe and Ebrary 2002; Hill and McGraw 
2006; Brown, McGraw, and Clotfelter 2013).  PCA is preferable to color space analysis 
because it does not require detailed knowledge of the subject's visual system (Hill and 
McGraw 2006).  PC1 corresponds to the variation in reflectance across the entire 
wavelength range (“brightness”) and the remaining PC values provide information on 
yellow-red hue (PC2) and chroma (PC3, Jolliffe and ebrary 2002; Hill and McGraw 
2006; Fig.18).  “Yellow color” refers to PC2 throughout this work. 
 
Figure 18: Principle component loadings 
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5. Head kidney cell assay 
  
 The head kidney is the primary immune organ of fishes (Press and Evensen 
1999), and cell types present in the head kidney can be used as a general measurement of 
immune status (Kurtz et al. 2006).  Within the head kidney, lymphocytes are antibody-
producing T and B cells as part of the adaptive, or acquired, immune system.  
Granulocytes are responsible for non-specific innate immunity, defending the organism 
by releasing superoxide anion, lysozyme, or other pathogen-killing chemicals and 
enzymes.  Monocytes, also part of innate immunity, defend the host by differentiation to 
macrophages, among other functions (Press and Evensen 1999). 
 The head kidneys, identified as the bilateral lobes at the anterior end of each 
dorsal kidney, were removed with a 1 µl wire innoculation loop.  Each head kidney was 
smeared between two glass microscopy slides, fixed in ethanol, and placed in May-
Grunwald stain. Under light microscopy, digital photographs (Nikon Coolpix 4300 with a 
Nikon microscope adapter) were taken of four arbitrary locations per head kidney (8 per 
fish).  Cell types were determined and each identifiable immune cell was counted using 
Image J software (Rasband 1997).  Unidentifiable cells were excluded.  Ratios of each 
immune cell type to total immune cells (excluding pre-erythrocytes and erythrocytes) in 
each head kidney was calculated to account for variation in identifiable cell numbers.  
Immune cells were categorized as lymphocytes, granulocytes, or monocytes.   
6. Oxidative stress measurement 
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 Fish livers were removed from deceased fish with forceps and a scalpel.  Livers 
were then weighed, and then frozen at -80 ºC until analysis.  To proceed with the 
oxidative stress assays, livers were thawed on ice and homogenized in 1 mg ml-1 
phosphate buffered saline.  Following centrifugation at 4500 g for 10 min (4°C), 
supernatant was removed and was used in the following assays.  A Bradford assay kit 
(Bio-Rad, USA), used according to the manufacturer’s instructions, allowed for the 
protein concentration of each sample to be adjusted to 0.3 mg ml-1 prior to the following 
assays. 
 The acrolein assay measures lipid oxidation.  Acrolein is a biomarker of oxidative 
damage that binds to the amino acid lysine across biological taxa (Uchida et al. 1998; 
Kurtz et al. 2006).  The acrolein assay allows for this prodict to be detected 
spectrophotometrically, as described by Kurtz et al. (2006).  Acrolein-modified bovine 
serum albumen (BSA) was prepared by incubating 10 mg BSA in 9.930 ml 50mM 
sodium phosphate buffer with 70 µl acrolein (Sigma-Aldrich) for 12-15 hours at 37 ºC 
overnight.  Liver supernatant or acrolein-modified BSA were bound to a 96-well plate 
(Fisherbrand) by incubation for 12h at 37º C.  Wells were washed thrice with TBS-Tween 
buffer and blocked with unmodified BSA in TBS-Tween.  The primary antibody was 
monoclonal antibody mAb5F6 (Enzo Life Sciences, Inc., USA), while the secondary 
antibody was horseradish peroxidase (HRP) conjugated anti-mouse IgG produced in 
rabbit (Sigma-Aldrich, USA). SIGMA Fast OPD (Sigma Aldrich) allowed for 
spectrophotometric detection at 450 nm.  Units are reported as µl g-1. 
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 The second assay used in the present experiment was an SOD assay kit, which 
quantified antioxidants, including superoxide dismutase (SOD) and carotenoids 
(Murakami et al. 2000; Trevithick-Sutton et al. 2006; Galano, Vargas, and Martínez 
2009), capable of reducing superoxide anion (O-2) to oxygen and hydrogen peroxide.   
The SOD assay measures the inhibition of superoxide anion's ability to reduce Dojindo's 
tetrazolium salt to a colored formazan dye.  Decreased color thereby shows % inhibition 
by antioxidant action.  Liver supernatants prepared as described above were used 
according to the manufacturer's instructions for plasma. Samples and SOD standards 
were analyzed spectrophotometrically at 440 nm to determine the antioxidant capacity of 
each liver. 
7. Preparation of Integument for HPLC 
 Fish integument containing ventral patch coloration was excised with surgical 
scissors and frozen at -80 ºC.  To proceed with carotenoid extraction, integument samples 
were ground to powder with a mortar and pestle in liquid nitrogen (McGraw et al. 2002; 
McGraw et al. 2003).  The integument sample was then placed in a glass extraction vial 
with a small amount of hexane used to rinse the mortar and pestle.  Extraction, 
hydrolysis, and analysis then proceeded using the same HPLC methods detailed in the 
field survey section above. 
8. Statistics 
 All statistics were performed in R 2.14.1 (R Development Core Team 2010).  For 
the field data, two comparisons were made using GLM to test 1) the effect of 
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Edwardsiella exposure on carotenoids in the stomach, or 2) the effect of sampling 
location on carotenoids in the stomach.  Sex was included as a fixed effect in both 
models. 
 For the laboratory results, treatment groups were coded with an ordered dummy 
variable before testing with GLM in order to test for dose-dependent effects of dietary 
carotenoid supplementation.  Integument carotenoids were tested against dietary 
carotenoid levels with fish mass as a covariate.  Color, immune cells, and oxidative 
parameters was tested across treatment levels with dietary carotenoid level as the only 
predictor.  Relationships between dependent variables across groups was analyzed using 
univariate linear modeling.  For all tests, if residuals were non-normally distributed or 
observations had a Cook's distance greater than 1 data were log transformed (Cook 
2000).  Residuals of all data were normally distributed before analysis.  Statistics were 
considered significant if p ≤ 0.05. 
C. Results 
1. Field survey results 
 Wild fish in Rìo Cabuyo were observed eating brown algae, small invertebrates, 
and dead fish (Brown, personal observation).  All 36 wild fish (males = 12, females = 24) 
produced stomach contents using gastric lavage.  Fish ranged in mass between 1.5-20.0 g, 
with a mean of 5.7 g.  Each fish had carotenoids in stomach contents.  HPLC identified 
carotenes (α- and ß-), tunaxanthin, lutien, astaxanthin, and canthaxanthin (Table 1).  
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Several other unknown carotenoid types were also present, which were included in the 
carotenoid total.   
 Total carotenoids ranged from 2.1–599.3 µg g-1 of diet (0.27–108.96 µg g-1 of fish 
mass) with a median of 9.30 µg g-1 of diet (Table 1).  Sampling sites had a range of 
canopy cover and substrate types, but site did not affect stomach carotenoids (F7,28 = 
0.14, p = 0.99).  There was no difference in stomach carotenoids between the sexes (F7,28 
= 0.22, p = 0.64).  Edwardsiella spp. were isolated from six fish (16.6%).  Infected fish 
did not have more stomach carotenoids than uninfected fish (F1,34= 0.35, p = 0.56). 
 
Table 1: Carotenoids found in wild A. siquia stomach contents 
 
 
 
  
 
2. Laboratory Results 
 In the dietary manipulation, 44 female convict cichlids ranging in size from 0.6-
7.4 g (mean = 3.5 g) were fed one of four dietary carotenoid levels.  There was no 
relationship between dietary carotenoids and integument carotenoids 12 weeks later 
fish
carotene 32 5.78 1.67 6.00
tunaxanthin 5 2.20 7.60 42.30
lutien 5 0.34 1.17 6.45
astaxanthin 4 0.08 0.25 0.04
canthaxanthin 6 5.30 19.10 5.90
total 36 9.84 22.09 108.96
mean (µg g-1) sd (µg g-1) max (µg g-1)
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(F(1,38) < 0.00, p = 0.94).  Dietary carotenoid supplementation did not enhance yellow 
color of the ventral patch (F(1,42) = 0.74, p = 0.39, Fig. 19a).    
 
Figure 19: Dietary carotenoids, color, and immune cells in convict cichlid females 
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 Carotenoids in the diet did not increase the amounts of carotenoid in the 
integument (F(42,1) = 0.01, p = 0.93).  Across fish in all four diets, yellow color was 
negatively related to carotenoids in the integument (R2 = 0.08, F(1,38) = 4.59, p = 0.04). 
In terms of molecular effects of dietary carotenoids, diet had no affect on acrolein 
(F(1,42) = 0.23, p = 0.63), or superoxide anion quenching capacity (F(1,42) = 0.04, p = 0.84).  
Increased dietary carotenoids decreased the ratio of adaptive immune cells (lymphocytes) 
to innate immune cells (monocytes and granulocytes; R2 = 0.14, F(1,37) = 5.84, p = 0.02; 
Figure 19b).  Treatment did not affect percent of monocytes alone (R2 = 0.01, F(1,37) = 
0.53, p = 0.47) or granulocytes alone (R2 = 0.02, F(1,37) = 0.73, p = 0.39).   
Monocytes increased acrolein (R2 = 0.10, F(1,37) = 5.07, p = 0.03) while 
granulocytes (R2 = 0.08, F(1,37) = 3.34, p = 0.08) and lymphocytes (R2 = 0.08, F(1,37) = 
3.12, p = 0.09) non-significantly decreased acrolein.  Acrolein in the liver was not 
affected by superoxide anion quenching capacity (R2 < 0.01, F(1,42) < 0.01, p = 0.96). 
 
D. Discussion 
 Dietary carotenoid limitation is often assumed in cases where animals show 
condition dependent carotenoid-based coloration (Andersson 1994; Hill 1994; Hudon 
1994), but this assumption is rarely tested in the field.  The present study tested whether 
carotenoids are limited in the natural diets of Amatitlania cichlids, and whether they 
might develop a specific hunger for the pigments when infected with Edwardsiella 
 83 
 
parasites.  We then offered a laboratory population biologically-relevant carotenoid diets 
and looked for decreased oxidative stress and heightened immunity due to increased 
carotenoid intake.  We did not find that carotenoids were limited in the environment.  
Likewise, increased carotenoids in the diet did not produce biochemical changes at 
biologically relevant levels. 
 The field-based portion of the present study confirmed that A. siquia has regular 
access to carotenoids through their diet of algae (Haugan and Liaaen-Jensen 1994).  We 
did not find significant variation in stomach contents among sample sites, although our 
sample size was relatively modest in this survey.   However, this result supports the 
findings of previous work showing that carotenoids are generally plentiful in the 
environment (Lozano 1994; Olson and Owens 1998).   
 Although we only detected Edwardsiella spp. in 6 fish (16.6%), this survey is the 
first work to document the pathogen in a wild population of convict cichlids.  Previously, 
we found that E. tarda infection reduced color expression of convict cichlids, while 
dietary carotenoids increased both oxidative stress and clearance rate of the pathogen 
(Brown et al. in prep).  In the present study, Edwardsiella infection did not cause wild 
fish to seek carotenoids.   
 If sick fish developed a specific appetite for carotenoids, this result would have 
confirmed that foraging effort could increase carotenoids in the body (Endler 1980).  If 
carotenoids were truly limited in the environment, choosing to eat more carotenoids may 
not be possible; however, algae-covered surfaces were plentiful in Rìo Cabuyo and did 
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not appear overgrazed.   Likewise, we found a broad range of carotenoid amounts in 
stomach contents from fish that lived in the same environment (Table 1), which supports 
the hypothesis that fish could have chosen to eat more carotenoids. 
 The laboratory experiment attempted to determine the relative importance of 
individual variation versus environmental factors in carotenoid accumulation.  The range 
of carotenoid concentrations we found in the stomach of wild fish was replicated in the 
laboratory-based feeding trial with the lowest (<0.001 µg g-1) and highest (1500 µg g-1) 
dosages intended to encompass the full range of possible carotenoid dietary 
environments.  Dietary carotenoids did not affect body coloration, integument 
carotenoids, or oxidative stress parameters.  There was a dose-dependent, positive effect 
of dietary carotenoids on relative strength of innate immunity, which is consistent with 
previous work in birds (Perez-Rodriguez et al. 2008) and mammals (Boon 1993; Chew 
and Park 2004).  The effect was was small, however, especially across the 
environmentally-relevant 5 µg g-1 and 16 µg g-1 carotenoid groups.   
 Increased monocytes resulted in increased lipid peroxidation, which is consistent 
with the hypothesis that the immune system is a large producer of oxidative stress 
(Costantini & Moller 2009; Perez-Rodriguez et al. 2010).  Carotenoids have been shown 
to alter oxidative stress parameters previously (Burton and Ingold 1984; Burton 1989; 
Britton 1995), but our results are consistent with several other studies showing a 
negligable impact of carotenoids on oxidative stress in healthy animals (Horak et al. 
2006; Costantini and Møller 2008).  Future laboratory studies should include an immune 
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or oxidative challenge in addition to a dietary carotenoid manipulation in order to fully 
elucidate range of carotenoids to change oxidative and immune parameters.   
  The results presented here support the growing evidence that individual variation 
may be more influential than diet in carotenoid allocation and carotenoid-based signaling 
(Hill 2011).  By both oxidative stress and immune cell measures, variation within groups 
exceeded variation between groups in the laboratory manipulation.  This is consistent 
with studies of human carotenoid assimilation, where individual differences may affect 
body carotenoids more than dietary availability (Parker 1996; Borel 2012).  Plateau 
concentrations of carotenoids within the body of many vertebrates, including humans, are 
relatively consistent over time, with intra-subject variability in body carotenoids 
consistently less than variability between subjects (Brown et al. 1989; van Vliet, 
Schreurs, and van den Berg 1995).   
 Genetic differences may be responsible for high inter-individual variability in 
carotenoid assimilation in humans (Borel 2012).  In carotenoid-pigmented animals, 
similarity in father-son ornamentation may indicate that variation in carotenoid coloration 
is heritable (Hill 1991).  The stage at which individual genetic differences, not cross-
species genetic differences (Lee et al. 1999), may play the most important role in 
carotenoid allocation dynamics is in transportation (Hagberg, Wilund & Ferrell 2000; 
Kobayashi et al. 2001; transport, Fig. 17).   
 Carotenoids rely on lipoprotein transporters VLDL, LDL, and HDL for 
transportation throughout the body (Hill and McGraw 2006; McGraw and Parker 2006).  
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The possibility that carotenoid availability may be limited by transporters rather than the 
diet has never been tested directly, but an ornamented bird, the zebra finch (Taeniopygia 
guttata Vieillot, 1817), decreased plasma carotenoids and ornamental color when fed a 
statin medication (decreasing plasma LDL), and increased plasma carotenoids and 
ornamental color after dietary cholesterol supplementation (McGraw and Parker 2006).   
 The result of the present study that integument carotenoids are not depleted by 
dietary carotenoid deprivation further supports the conclusion that lipoprotein status may 
determine carotenoid-based ornament quality (Peters 2007).  Carotenoids may be stored 
in organs to recirculate as necessary (Nagao 2009) perhaps only becoming limited after 
prolonged deprivation.  Environmental and genetic influences on VLDL, LDL, and HDL 
expression, and the lipoprotein transporters' role in carotenoid color expression should be 
considered in future studies.  Elucidation of the mechanisms controlling individual 
variability in carotenoid allocation could determine what factors reinforce honesty in 
carotenoid-based ornamentation (Bortolotti et al. 1996; McGraw et al. 2003), and why 
ornaments evolve. 
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CHAPTER V 
LIPIDS AND CAROTENOIDS SYNERGISTICALLY AFFECT CAROTENOID 
BIOAVAILABILITY 
 
A. Introduction 
 
 Many animals use carotenoid-based visual signals to attract mates (Grether 2000), 
warn competitors (Midamegbe et al. 2011), or discourage predators (Blount et al. 2012).  
According to the carotenoid trade-off hypothesis, honesty of carotenoid-based signals 
may be maintained because the pigments are limited and costly (Lozano 1994).  
Carotenoids must be obtained from the diet, so foraging ability may dictate the intensity 
of carotenoid color in pigmented animals.  Although environmental limitation of 
carotenoids is frequently invoked to explain variation in animal carotenoid color (Endler 
1980; Olson 2006), carotenoids are relatively ubiquitous in the environment (Hudon 
1994; Grether, Hudon, and Millie 1999); plants and algae produce them copiously in 
foliage, seed, roots, and fruits (Welker, De Negro, and Sarti 2001; Howitt and Pogson 
2006).  The effects of the environment, the food matrix (Fernández-García, Mínguez-
Mosquera, and Pérez-Gálvez 2007), and individual variation in carotenoid absorption and 
transportation (Borel 2012) on carotenoid bioavailability are not well characterized in 
carotenoid-ornamented species.  Several steps in the digestive process have the potential 
to limit the bioavailability of dietary carotenoids.  Following ingestion, pigments must be 
released from the food matrix by chewing and digestion, dispersed into the digestive 
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tract, and incorporated into mixed micelles (Nagao 2009) before they can cross the 
intestinal lumen (Fig. 20).  Bioavailability of carotenoids is notoriously difficult to 
measure (Hardy, Torrissen, and Scott 1990; Choubert, Cravedi, and Laurentie 2005), but 
dietary lipids may be vital for proper absorption and assimilation of carotenoid pigments 
(Deming and Erdman 1999).   
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Figure 20: The stages of carotenoid assimilation after ingestion. 
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 Dietary lipids may increase the bioavailability of carotenoids, since carotenoids 
are generally non-polar and are assimilated using the same cellular processes as lipids 
(Britton 1995; Nagao 2009).  During digestion, mixed micelles form spontaneously by 
the interaction of dietary lipid with surfactant bile salts, wherein hydrophobic portions of 
fat molecules orient toward each other with hydrophilic heads facing the aqueous 
environment (Nagarajan 1985).  Lipids increase carotenoid incorporation into micelles in 
vitro (Fernández-García, Mínguez-Mosquera, and Pérez-Gálvez 2007), but may affect 
carotenoid bioavailability at later stages as well.  Epithelial cells of the small intestine 
absorb mixed micelles, and carotenoids can be enzymatically cleaved to smaller 
molecules, such as retinoids, or converted to other carotenoid types (Nagao 2009; Hill 
and Johnson 2012).  Within the intestinal mucosa cells, lipoproteins such as LDL and 
HDL (McGraw and Parker 2006) rearrange the non-polar nutirents to form a spherical 
chylomicron.  The chylomicron and its lipid-soluble content, including cholesterol and 
triglycerides, is released into the lymph for transport to the bloodstream (Nagao 2009; 
Kindel, Lee, and Tso 2010; Fig. 20).   
 
 In mammalian studies, lipid supplementation generally increases carotene 
absorption.  The degree of increased absorption seems to depend on the polarity 
(Yonekura and Nagao 2007) and isomer (During and Harrison 2004) of the carotenoid in 
question.  In carotenoid-pigmented male zebra finches (Taeniopygia guttata), cholesterol 
supplementation increased plasma and integument carotenoids, while statin 
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supplementation decreased plasma lipoprotein transporters and carotenoids (McGraw and 
Parker 2006).  In contrast, Lacerta vivipara lizards showed decreased orange color 
expression and plasma carotenoids, possibly due to competitive absorption of dietary 
vitamin E with carotenoids (San-Jose, Granado-Lorencio, and Fitze 2012).   
 
 Two dietary manipulations were used in the present study to address how lipids 
affect carotenoid bioavailability in a Neotropical cichlid, the convict cichlid Amatitlania 
siquia.  These fish are reverse sexually dichromatic; females have a yellow to orange 
ventral ornament that males lack (Beeching et al. 1998; Brown, McGraw, and Clotfelter 
2013).  The patch is not preferred by males but may play a role in social interactions 
(Beeching et al. 1998).  Structural coloration may enhance or attenuate the expression of 
the ventral patch color, so orange coloration may vary with respect to carotenoids found 
in the integument (Brown, McGraw, and Clotfelter 2013).   
 
 In the first manipulation, we compare a lipid-deprived group of female convict 
cichlids to a lipid-supplemented group across three dietary carotenoid levels.  In the 
second manipulation, we compare a group of animals that were fed lipids concurrently 
with carotenoids to a group offered the same dietary lipid and carotenoid levels, but at 
separate feeding times.  Our hypothesis is that carotenoid absorption will be decreased by 
lipid deprivation or by a temporal separation of lipid and carotenoid ingestion.  If we 
observe that fish that eat carotenoids concurrently with lipids have more carotenoids and 
retinoids in their bodies, orange body coloration may honestly signal a diet high in 
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calorie-dense lipids. 
 
  
B. Methods 
 
1. Animals and diets 
 
 Experiments were conducted on 155 convict cichlids, which were second-
generation offspring of wild-caught convict cichlids from the Río Cabuyo, Lomas 
Barbudal Biological Reserve, Guanacaste, Costa Rica.  Sex and maturity were confirmed 
by inspection of the gonads at the end of the experiment.  Animals were housed in groups 
of 10–12 fish in 76-L tanks (two tanks per treatment group).  Water was constantly 
filtered through activated carbon and ammonia-removing resin.  Water changes with 
reconstituted distilled water (RO Right, Kent Marine, Inc.) were performed twice weekly.  
Algae, when present, was removed with a razorblade.   Artificial daylight hours were 
12:12 h light:dark.  At the end of the experiment, mass, standard length, and color 
reflectance (see below) were recorded before fish were killed in 100 mg ml-1 buffered 
tricaine methosulfanate (Finquel, Argent Chemical Co.) for lipid and carotenoid analysis.  
All protocols and procedures were approved by the Amherst College Institutional Animal 
Care and Use Committee (IACUC). 
 Diets were offered twice daily at 06:00 and 17:00 for 12 weeks.  Uneaten food 
was removed after 15 minutes.  The base diet consisted of a modified H440 agar-dextrin-
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cellulose with added vitamins C (0.5 g kg-1) and E (300 µg kg-1).  No lipids were added to 
the non-supplemented group.  Crude fish oil from menhaden (octadecatetraenoic, 
eicosapentaenoic and docosahexaenoic fatty acids, 30% as triglycerides; Sigma-Aldrich) 
was added to the base formulation in the lipid-supplemented diets.  Fish that ate lipids 
simultaneously with carotenoids in the first and second comparisons had fish oil 24 g kg-1 
diet.  Fish that only received lipids once per day (to seperate them from carotenoids) were 
offered fish oil 48 g kg-1 diet.   
 The carotenoid source used was extracted from Haematococcus algae meal 
(Naturose).  Haematococcus is high in astaxanthin, which is known to enhance color in 
muscle and skin of many fishes (Barbosa, Morais, and Choubert 1999; Yasir and Qin 
2010; Chatzifotis et al. 2011) and have a high affinity for incorporation into in vitro 
mixed micelles (Choubert, Cravedi, and Laurentie 2005).   Carotenoids were extracted 
from algae meal with hexane.  The solvent was evaporated under nitrogen and added to 
the diets at low (10 µg g-1) and high (1000 µg g-1) concentrations.  These were doubled in 
the group that only received the carotenoid diet once per day (low: 20 µg g-1; high: 2000 
µg g-1).  Carotenoid levels in the food were subsequently confirmed with high 
performance liquid chromatography (HPLC).  The trace diet, with no added carotenoids, 
contained <0.001 20 µg g-1.  Carotenoid-supplemented diets contained mostly astaxanthin 
(>80%, by HPLC), with the remaining carotenoids consisting of carotenes, astacene, 
canthaxanthin, and lutien isomers (<20%, by HPLC).   
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2. Color measurement 
 
 At the end of 12 weeks, skin color on the left flank of each fish was measured 
using a spectrometer (USB 2000, Ocean Optics), as described previously (Brown et al. 
2013).  Although convict cichlid vision is limited to around 400-700nm, our analysis 
includes reflectance to 300 nm to allow detection of color variation in short wavelengths.  
Prior to analysis, reflectance spectra obtained from each fish were centered by subtracting 
the mean and smoothed by local regression (LOESS, 0.03; Cuthill et al. 1999).  
Reflectance measurements were compressed by principal components analysis (PCA), a 
multivariate statistical technique used in color analysis (Tzeng and Berns 2005; Hill and 
McGraw 2006; Budaev 2010).  Although the PC loadings occasionally fail to map onto 
qualities of color that are biologically relevant, our laboratory group has previously 
shown PCA to be comparable to both color space and wavelength ratio approaches for 
analysis of A. siquia (Brown, McGraw, and Clotfelter 2013). 
 
 
3. Lipid measurements  
 
 Lipids were removed from whole carcasses using a modified Bligh and Dyer 
extraction technique (Manirakiza, Covaci, and Schepens 2001; Ramalhosa et al. 2012).  
Briefly, a fish was homogenized in methanol and diisopropyl ether (DIPE; Sigma-
Aldrich) for 5 min on ice, then washed with distilled water to remove aqueous 
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contaminants.  After centrifugation for 10 min at 200 rpm, the solvent layer was 
transferred to a weighed glass vial.  The sample was re-extracted with 10% methanol in 
chloroform and centrifuged again.  The solvent layer was completely removed and 
combined with the methanol and DIPE extract.  A small amount (6 mg) of tert-
butylhydroquinone (TBHQ, Sigma-Aldrich) in ethanol was added to the extracts to 
prevent oxidation before evaporation 105 deg C for 1 hour.  The mass of the glass vial 
was subtracted from the mass of the resulting lipids within the vial to give the total lipids 
of each fish.  Lipid mass was log transformed before analysis, as suggested in Iverson, 
Lang & Cooper (2001). 
 
4. Carotenoid analysis 
 
 Dried lipid extracts were re-extracted with acetone.  Carotenoid esters were 
cleaved with cholesterol esterase from Psuedomonas fluorescens (Sigma- Aldrich) and 
bile salts (Sigma-Aldrich) as described in Jacobs et al. 1982).  In brief, carotenoids in 
acetone were exposed to choleserol esterase and bile salts in Tris-HCl buffer, vortexed, 
and placed in a 60°C hot water bath for 2 h under nitrogen.  Carotenoids were re-
extracted with petroleum ether and dried under nitrogen gas again.  Finally, carotenoids 
were reconstituted in 18:82 acetone:hexane mobile phase, which was filtered through a 
0.2 µm PTFE syringe filter.    
 
 Carotenoids were determined by high performance liquid chromatography 
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(HPLC, Waters Inc.).  A Luna 3µm Silica (2) 100A 250 x 4.60 mm (Phenomenex) 
column with a matching guard cartridge and in-line filter was used at a flow rate of 1.2 
ml/min for 30 minutes.   A dual wavelength UV-Vis detector set to 458 nm and 370 nm 
simultaneously detected carotenoids, retinoids, and carotenoid degradation products.  
Empower 3 software (Waters Inc.) determined the type and amount of carotenoids and 
retinoids present by integrating chromatogram peaks and comparing them to pure 
carotenoid standards processed using the methods outlined here.   
 
 
5. Statistics 
 Statistical testing was performed using R version 2.14.1 (R Development Core 
Team 2010).   PCA was performed on all fish so that color production could be compared 
across manipulations (Cuthill et al. 1999).  Only components accounting for more than 
1% of the observed variance were retained.  Components and their loadings are shown in 
figure 21; PC2 is referred to throughout this work as “orange color” because it contains 
information about fish reflectance in the range of carotenoid reflectance, 440-550 nm.   
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Figure 21: Principle component loadings 
 
 PC3 accounted for blue and purple color variation, while PC1 accounts for 
brightness across all wavelengths (Cuthill et al. 1999).   
 Lipids extracted, carotenoid amounts, and retinoid amounts were corrected for 
body mass prior to statistical analysis.  GLM was used to compare carotenoid and lipid 
treatments with sex as a covariate in color and body mass comparisons.  Relationships 
between continuous variables across treatments were analyzed using multiple regression.  
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Data were log transformed when distribution of residuals was non-normal.  Statistics 
were considered significant when p < 0.05.   
 
C. Results 
 
 Across both comparisons, most of the carotenoids detected in fish were α- and ß-
carotenes, with these molecules comprising between 14.72-100% of the total carotenoids 
detected, with a mean of 73.38%.  Percent body fat ranged between 1.57-12.45%, with a 
mean of 4.35%.  Retinoids were detected between 0.82-9.95 µg with a mean of 2.88 µg 
per fish.  Carotenoids were detected between 0-1 mg with a median of 52.00 µg per fish.   
 
 Total body lipids increased with fish mass (R2 = 0.21, p < 0.001).  There was no 
significant effect of dietary lipid (F1, 105 = 0.68, p = 0.75) on mass, as body lipids did not 
respond to dietary lipid supplementation (p = 0.61).  Carotenoid supplementation did not 
affect mass (F2, 105 = 0.10, p = 0.51) but dietary carotenoids decreased body lipids  (F2,105 
= 3.50, p = 0.08).   
 
1. Sex differences across comparisons 
 
 There were 52 males and 58 female fish, ranging in standard length from 31.45-
63.81 mm, with a median of 41.15 mm.  Body carotenoids increased with carotenoid 
supplementation level in males (F2,42 = 10.92, p < 0.001) but not females (F2,45 = 1.3, p = 
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0.28).  Body carotenoids decreased blue-purple coloration (PC3) in males (F1,41 = 2.20, p 
= 0.03), but generated no change in orange color (PC2) in either sex (male: p =  0.95, 
female; p = 0.78).  Blue coloration (PC3) of females was unchanged by body carotenoids 
(F1, 42 = 0.53, p = 0.46).   
 
 
2. Fat deprivation 
 
 Dietary lipids did not change the amount of retinoid or carotenoid in the body (p > 
0.05 for both).  Diets with both lipids and carotenoids resulted in fish with reduced 
orange coloration, but dietary lipids significantly increased orange color in the trace 
group (F1,103 = 5.443, p = 0.006; Fig. 22a). 
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Figure 22: Color changes across diet treatment groups 
 
 
 Body carotenoids increased with mass, as expected  (F1,82 = 8.82, R2 = 0.076, p = 
0.006).  Dietary carotenoids did not change body retinoid or carotenoid amounts (p > 
0.05 for both).  Carotenoids in the diet increased orange coloration (p = 0.04) and 
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decreased blue coloration (p = 0.002), however.  Body carotenoids were positively 
related to retinoids (F1,75 = 23.61, R2 = 0.23, p <0.001) but not orange coloration (F1,79 = 
1.00, p = 0. 09).  As retinoid levels increased, females were more orange (interaction, 
F1,72 = 26.46, p <0.001).   
 
 
3. Temporal separation of lipid and carotenoids 
 
 There were 38 males and 46 female fish, ranging in standard length from 35.70-
61.13 mm, with a median of 40.43 mm.  Temporal separation of carotenoids and lipids 
did not affect retinoids (p = 0.45) or body carotenoids (p = 0.35), but decreased the ratio 
of body carotenes to xantophylls nonsignificantly (F5,57 = 2.84, p = 0.09).   
  
 There was no significant effect of temporal separation (F1,78 = 1.70, p = 0.20) on 
mass.  Likewise, neither carotenoid-lipid temporal separation (p = 0.60) or carotenoid 
supplementation level (F2,78 = 0.27, p = 0.31) were related to body fat.   Dietary 
separation of carotenoids and lipids increased orangeness non-significantly (F1,77 = 3.01, 
p = 0.08) and decreased the effect of dietary carotenoid level on orange color (interaction: 
F2,77 = 3.67, p = 0.03).  
  
 Dietary carotenoid level increased body retinoids (F2,50 = 4.13, p = 0.02) but not 
body carotenoids (F2,55 = 1.29, p = 0.28).  Dietary carotenoid level did not affect the ratio 
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of carotenes to xanthophylls (F2,57 = 0.10, p = 0.89), or mass (p = 0.09), although the 
mean is reduced for carotenoid-fed fish.  Dietary carotenoids increased orange coloration 
(F2,77 = 6.33, p = 0.002). 
 
 Body carotenes were significantly related to increased retinoids (F1,54 = 66.25, R2 
= 0.54, p < 0.001; Fig. 23). Retinoids were unrelated to orange coloration (p >0.05), but 
decreased marginally with blue (F1,54 = 4.05, R2 = 0.05, p = 0.049).  Body carotenoids 
were unrelated to orange coloration (F1,61 = 0.08, R2 = -0.02, p = 0.77) and blue 
coloration (F1,59 = 1.71, R2 = 0.01, p = 0.19).  As body carotenoids increased, females 
became more orange than males (F1,59 = 9.88, p = 0.003).   Females showed decreased 
blue color (PC3) compared to males (F1,59 = 15.37, p < 0.001).   
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Figure 23: Retinoids were positively related to carotenes in the body. 
 
 
D. Discussion 
 
 The present study used two dietary manipulations to test the hypotheses that 
dietary lipids are necessary for absorption of dietary carotenoids in convict cichlids.  If 
reduced absorption in the lipid deprivation experiment was due to lack of absorption, we 
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predicted that the temporal separation would mimic lipid deprivation.  Our initial 
hypothesis was incorrect; fish that ate carotenoids lost orange color, while lipid-free fish 
increased orange color.  Separation of lipids and carotenoids failed to  rescue coloration, 
indicating that absorption may not have been the stage at which lipids interfered with 
carotenoid metabolism.   
 
 Additionally, lipid manipulations had no effect on body retinoids or carotenoids.  
On the contrary, across both manipulations dietary carotenoids reduced lipids in the body.    
Although a role for competition between fat-soluble molecules for inclusion into mixed 
micelles has been proposed (San-Jose et al. 2012), the color changes we observed are 
more consistent with competition between lipids and carotenoids for lipoprotein 
transporter molecules, VLDL, LDL, and HDL.  This could occur after absorption and 
storage in body tissues, resulting in a transport-mediated constraint on color expression 
without differences in body carotenoids.   
 
 Both carotenoids and lipids rely on lipoprotein molecules for transport throughout 
the body, which are upregulated by saturated fats and cholesterol (Srivastava et al. 1991; 
Srivastava, Baumann, and Schonfeld 1993).  Furthermore, some carotenoid types can 
alter lipoprotein transporter expression directly, lowering LDL (Ried and Fakler 2011; 
Palozza et al. 2012) or raising HDL (Ahuja, Pittaway, and Ball 2006).  This could 
provide a mechanism for the reduced body fat of fish on high carotenoid diets and for 
previous work that detected an anti-obesity effect of astaxanthin in mammals (Ikeuchi et 
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al. 2007; Bhuvaneswari et al. 2010; Arunkumar, Bhuvaneswari, and Anuradha 2012).  
Other mechanisms are possible, however.  No previous works suggest that astaxanthin 
interferes directly with lipid absorption, but an in vitro study found that the carotenoid 
may have a role reducing lipid accumulation by selective peroxisome proliferator-
activated receptor (PPAR) γ modulation (Inoue et al. 2012).   
 
 A role for competition between carotenoid and lipids for protein-assisted transport 
may explain the inconsistency between our results and those of previous studies in which 
lipids increased (Nickell and Bromage 1998; Barbosa, Morais, and Choubert 1999) or 
decreased (San-Jose, Granado-Lorencio, and Fitze 2012) carotenoids in the plasma and 
integument. A comparison between the effects of saturated and unsaturated fats on body 
color might provide evidence for transporter molecules as the limiting step in body 
coloration from stored carotenoids.   
 
 The present study found that body carotenoids increased with dietary carotenoids 
and body condition in males, but not females.  This could have occurred because females 
tend to be smaller and may reach maximum carotenoid storage before their male 
counterparts, or that females convert their retinoids into another form, perhaps a 
metabolite or protein-associated retinoid.  Our methods would not have necessarily 
detected these alternative forms. 
 
 Males showed decreased blue color with increased carotenoids in the diet and in 
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the body, likely due to the deposition of carotenoids in the skin.  Females that ate more 
carotenoids became more orange than males and tended to have more retinoids than their 
less-orange female counterparts.  Combined, these findings show that both sexes likely 
deposit carotenoids in the skin, but males may lack the structural coloration to attenuate 
or amplify the ventral color patch of females.  Likewise, these results support the 
hypothesis that carotenoid-based color may signal vitamin A status in ornamented species 
(Hill and Johnson 2012).   
 
 Although the experimental design of the temporal separation experiment did not 
allow us to record the effect of truly randomized access to carotenoids and lipids, the 
present work opens an interesting possibility that carotenoids are not fundamentally 
limited.  In fact, many of the in vivo observations of carotenoid effects and outcomes in 
other studies of the carotenoid tradeoff hypothesis can also be explained by changes in 
the serum lipoprotein profile.  For instance, carotenoid-based ornamental color is often 
depressed when the host is infected with parasites or pathogens (Lozano 1994; Hill, 
Hood, and Huggins 2009).  The mechanisms behind this association are unclear, but the 
effect is often attributed to carotenoid immune enhancing functions (Amar et al. 2004; 
Babin, Biard, and Moret 2010; McGraw, Nolan, and Crino 2011).  It has also been 
observed that boldly-ornamented animals have higher testosterone (Mougeot et al. 2007; 
Peters 2007; Lindsay, Webster, and Schwabl 2011) and are more attractive to females 
(Hill 1991; Grether 2000), despite the purported immunosuppressive effects of 
testosterone (McGraw and Ardia 2003; McGraw and Ardia 2007; but see Roberts et al. 
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2007).   
 
 Lipoprotein profile changes can account for both of these observations without a 
need for carotenoids to be limited in the diet.  Many eukaryotic parasites need host LDL 
to survive within the host (Labaied et al. 2011; Nishikawa et al. 2011; Rivero et al. 2011; 
De Cicco et al. 2012).  Becuase of this, parasitization can reduce serum LDL and total 
cholesterol (HDL and LDL) in the host (Faucher et al. 2002; D. Bansal, Bhatti, and 
Sehgal 2005; Devendra Bansal, Bhatti, and Sehgal 2005; Portugal et al. 2008; Stanley et 
al. 2009; Labaied et al. 2011; Nishikawa et al. 2011) possibly restricting an organism's 
ability to transport carotenoids from storage to peripheral tissues.  Furthermore, HDL can 
confer resistance to parasites and act as an antioxidant itself (Imrie et al. 2004; Nielsen, 
Nielsen, and Moestrup 2006).   
 
 A relationship between lipoprotein transporters and testosterone could also 
explain testosterone's ability to increase carotenoid-based body color.  Testosterone is a 
metabolic product of cholesterol  (Martínez-Martos et al. 2011).  As such, it can decrease 
or alter serum lipoprotein parameters in humans (Jones et al. 1989; Asscheman et al. 
1994) and ornamented birds (Peters 2007).  The present experiment cannot offer a more 
specific mechanism for the changes we observed, as carotenoid types vary in the type of 
lipoprotein transporters they associate with for each type of transport (from the intestine 
to the liver versus from the liver to the peripheral body tissues, McGraw and Hill 1992).  
At present, the authors can only offer the limited evidence that we have detected a 
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correlation between body color and HDL levels in convict cichlids in a small sample 
(n=12; Brown, unpublished data).   
 Overall, results presented here disprove our initial hypothesis that lipids would 
increase carotenoid absorption.  Instead, dietary lipids decreased ventral orange 
coloration in both males and females but did not affect body carotenoids.  While the 
present study was not designed to disprove the carotenoid tradeoff hypothesis, we found 
some evidence of an alternative mechanism that should be considered in future studies.  
If carotenoid limitation by transportation is a viable hypothesis, it could present an 
alternative to the carotenoid tradeoff hypothesis to explain the evolution of carotenoid-
based signalling. 
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